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AN INVESTIGATION OF THE EFFICIENCY AND 
DURABILITY OF SPUR GEARS 


I. IntTROoDUCTION 


1, Preliminary Statement.—In 1915 negotiations were begun with 
Mr. Wilfred Lewis for the purchase of a gear testing machine which was 
to be built from a design submitted by Mr. Lewis. The design was the 
outgrowth of his experience in developing gear testing apparatus and 
was based essentially upon that of an earlier testing machine used by 
the Committee on Standards for Involute Gears appointed by the 
American Society of Mechanical Engineers in 1909, with Mr. Lewis as 
Chairman. As a result of the negotiations the Tabor Manufacturing 
Company, of which Mr. Lewis is President, built the machine and it was 
delivered to the Engineering Experiment Station early in 1916. Im- 
mediately following the delivery an effort was made to proceed with 
the experimental work but conditions arose which made it necessary to 
discontinue the investigation and nothing of any importance was done 
until September, 1922. At that time the machine was overhauled and 
some preliminary tests were made. Some necessary auxiliary equipment 
was designed and installed and the investigation continued, leading to 
the results recorded in this bulletin. 


2. Object of Investigation—The Lewis machine as originally 
planned was to be used primarily in determining the efficiency of spur 
gearing and the breaking strength of the teeth under various conditions 
of load and speed. Because of the growing importance of data on the 
wear of gear teeth it seemed advisable to depart somewhat from the 
original plan and to make a study of the durability of spur gearing in- 
stead of the breaking strength of the teeth. The object of this investi- 
gation was, therefore, to determine: 

(1) Reliable information on the efficiency of spur gearing. 
(2) Data on the change and the rate of change in the profiles 
of spur gear teeth subjected to wear. 

In view of the large number of factors which must be taken into 
consideration, such as speed, load, pitch, gear ratio, tooth form, lubri- 
cation, and the combination of materials, it is obvious that it would 
take many years to determine experimentally the influence and im- 
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portance of all of these. Hence each of the factors has been confined to’. 
definite limits which were considered consistent with the testing ap- 
paratus and the conditions under which the tests were to be conducted. 


3. Acknowledgments—The authors gratefully acknowledge the a 


hearty codperation of the following firms who very materially aided this 
investigation by furnishing the gears: | 
Brown AND SuHarrPe Mre. Co., Providence, R. I., 
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In addition to the gears the Gleason Works contributed many 
valuable suggestions of technical interest and assisted in originally 
outlining the series of tests. 
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Mr. Witrrep Lewis, who gave information pertaining to the function- 
ing of the Lewis machine, and volunteered many valuable suggestions; 
and Mr. E. R. Ross, of the Warner Gear Co., who contributed informa- 
tion pertaining to the design of the tooth profile indicator used in this 
work. 


II. DrescrirTIon oF APPARATUS 


4. The Lewis Gear Testing Machine.*—A general view of the Lewis 
machine with auxiliary attachments is shown in Fig. 1. Figure 2 is 
another view with the oil guard removed so that the gears may be seen. 
Figure 3 is an assembly drawing. The master gear G, Fig. 3, which is 
fastened to the hollow shaft A, is two inches in width. Shaft S passes 
through the hollow shaft A, and has a flanged end on which is mounted 
the test gear 7’, which has a face width of one inch. Shaft C carries 
the wide-faced pinion P, which is in mesh with both the master gear G 
and the test gear 7’. The hollow shaft A carries the pneumatic cylinder 
M, and the piston N is rigidly secured to the solid shaft S. The piston N 
carries the rollers R, which are guided by the helical slots H in the walls 
of the cylinder M. Air pressure can be applied to either side of the piston 
N through the connections shown in the drawing. The pressure exerted 
on the piston N gives a slight axial motion to the shaft S, and thus 
through the action of the rollers in the helical slots H, a slight angular 


*A more detailed description of the Lewis machine is given in Trans. A.8.M.E., Vol. 36 1914 
Pages 231-35. See also Vol. 40, 1918, pages 112-15 for suggested modifications. Similar descriptions 
were also published in the Sept., 1914 and Oct., 1916, issues of Machinery. 
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Fig. 1. GENERAL VIEW OF mae Lewis MACHINE AND AUXILIARY APPARATUS 
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Fig. 2. View or tan Lewis MaAcHINE WITH THE Ort GUARD REMOVED 


motion is produced between shafts A and S, resulting in a pressure 
between the teeth of the gears upon these shafts and the teeth of the 
pinion on shaft C. Both shafts A and C turn in ball bearings, the outer 
races of which are secured to the rectangular-shaped frame F. The frame 
F which carries the entire mechanism is supported at one end on the 
ball bearings V, the outer races of which are secured to the base B 
and the inner races to the frame F by means of the parts D, and at the 
other end on the scale W. The base B to which the rectangular frame F 
is pivoted is bolted rigidly to a concrete foundation K. When power is 
applied to the machine through the ten-inch drive pully L keyed to the 
pinion shaft C, the mechanism on the frame F tends to rotate about the 
bearings V. This tendency produces a change in the magnitude of the 
downward thrust on W. The change in thrust is a measure of the power 
input. 
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Fic. 3. ASSEMBLY DRAWING OF THE LEWIS MacHInE 
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The outstanding feature of the Lewis machine is its small powel 
consumption. On account of the ingenious scheme of loading the onl 
power input required is that necessary to overcome the air resistance and 
the friction of the bearings and the gear teeth. 


= 


ia8 
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5. Range and Control of Load.—It is evident from the description — 
of the machine that the load on the teeth of the gears is in direct pro- — 
portion to the total pressure on the piston N, Fig. 3. Air was the medium — 
used to produce this pressure and was taken directly from air mains 
maintained at about 60 Ib. pressure per sq. in. A regulator of the type 
commonly employed to regulate the oxygen supply to an oxy-acetylene — 
torch was used to vary and control this air pressure on the piston. The 
regulation was such that the normal fluctuations in the line pressure 
produced very little variation in the pressure per unit area on the piston. 

The area of the piston N was such that a pressure of 30 Ib. per sq. 
in. in the cylinder M produced a computed tangential load at the pitch | 
line of the gears of approximately 2000 pounds. By varying the pressure 
on the piston from zero to 30 lb. per sq. in. the corresponding tangential 
load on the gear teeth varied from zero to 2000 pounds, a range sufficient 
for this investigation and well within the capacity of the machine. This 
arrangement gave a simple and satisfactory control of the load on the 
gear teeth. 

For the durability tests a record of the pressure on the piston was 
kept by a Bristol recording pressure gage which, with its connections, 
is shown in Fig. 1. For the efficiency tests a 60-inch mercury manom- 
eter was used. The manometer was graduated in tenths of an inch, 
and the differences in level of the two columns of mercury gave the data 
from which the tooth loads were computed. 


6. Range and Control of Speed.—The machine was belt driven from 
a line shaft which in turn was driven by a ten horsepower 220 volt d-c. 
variable-speed motor. During the operation of the machine no other 
machinery was driven from the same line shaft. By means of a drum 
controller the speed of the motor could be varied from 600 to 1800 r.p.m., 
and by using three different sizes of pulleys on the line shaft it was 
possible to obtain speeds of the drive pulley varying from 80 to 1300 
r.p.m. For the efficiency tests the speed was taken at the beginning and 
end of each test with a speed indicator. The durability tests, however, 
extended over a much longer period and, instead of using a speed indi- 
cator, a record of the total number of revolutions of the pinion was ob- 
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_ tained from a revolution counter. The revolution counter, which is 
clearly shown in Fig. 1, was driven by the pinion shaft through a worm 
and gear having a 100-to-1 ratio. 


; 7. Lubrication.—Since no means were originally provided in the 
_ machine for lubricating the gears it was necessary to devise and install 
_ apparatus for that purpose before the durability tests could be standard- 
ized. Since a study of the effect of various lubricants on the rate of wear 
was not contemplated, the lubrication problem reduced itself to one of 
_ applying to the different sets of gears equal quantities of the same oil in 
_ exactly the same manner. 

Probably the best method of applying the oil would have been by 

means of an oil bath, but it was not found practicable to do so. The 

_ method employed was to drop the oil at the pitch lines of the gears, 

_ where the teeth went into mesh, by means of six 1¥g¢-inch tubes each 
eight inches in length leading from a glass reservoir. Two of the tubes 
fed oil to the test gears and the other four to the master gears. The oil 
was delivered to the glass reservoir by gravity from a tank located five 
feet above, and the quantity was regulated by a 14-inch pet cock. With 
the exception of the oil supply tank, the details of the whole system are 
shown clearly in Fig. 2. This arrangement, though less desirable in 
some ways than an oil bath, provided a regular and uniform flow of oil 
under constant head, and therefore standardized the conditions of 
lubrication. ; 

Preliminary tests made with light, medium, and heavy oils showed 
that the medium oil was not thrown off the gears as freely as the light 
oil, and although the heavy oil clung to the gears better than the med- 
ium oil, it was too viscous for uniform distribution over the teeth. Asa 
result a medium engine oil was selected with the following properties: 


TRIER SHED os ho hee cae yey ae ee anne arene 374 deg. F. 
THERE, TSYGET rs oace eve aac ae a eRe CI ce 428 deg. F. 
WASCOSTEVEAE D LOIGCE eae on tesla iene, Shsyere civic. & see) a> 46 Sec. 
Carbon residue (Conradson)...<.:-.......::----- 0.15 per cent 


In order that the same quality of oil might be available for all the tests 
a quantity sufficient for the entire investigation was purchased. 


8. Description of Gears.—Nine sets of gears were used in this in- 
vestigation. A ‘‘set of gears” consisted of one pinion, one master gear, 
and one test gear. The principal dimensions of the three pieces compris- 
ing a gear set are shown in Fig. 4, and the mounting of the gear set on the 
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Fig. 4. DIMeEnsIons OF THE GEARS 


machine is clearly shown in Figs. 2 and 3. Three of the nine sets of gears 
were used during the preliminary work on efficiency and durability, 
but with the exception of the efficiency test data for one gear set none 
of the data obtained from these preliminary tests have been included in 
this report. The characteristics and the physical and chemical proper- 
ties of the various sets of gears are shown in Table 1. In order that the 
materials in all the gear sets might be of uniform quality, the same bar 
of steel was used for all the pinion blanks, and cast-iron from the same 
ladle for all the gear blanks. This procedure justifies a comparative 
study of the behavior of the various tooth forms when tested in the 
same manner and under the same conditions. 
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The gears were manufactured in accordance with good commercial — 
practice. The 1444-degree standard teeth were cut with a standard 
rotary cutter; the stub teeth were produced on the gear shaper; and the 


long and short addendum teeth by a hobbing process. 


Since the Lewis machine is reversible as regards loading and direc- 


tion of rotation, both sides of the teeth were available for testing. 


Each set of gears was, therefore, equivalent to two sets for testing pur- 
_poses. The gear ratios and the pitch proposed by Mr. Lewis when the 
machine was designed were well adapted to the construction of the 


machine and were therefore adopted for this work. 


9. Method of Numbering Gears.—Each set of gears upon being re- 
ceived was marked with a particular number. These numbers are given 
in the first column of Table 1 and will be used to distinguish the sets of 


gears in the description and discussion of the tests which follow. The q 


symbols R and O attached to the gear set numbers refer to the side of 
the piston N (Fig. 3) upon which the load was maintained during the 
test and therefore indicate which of the two opposite profiles of a tooth 
carried the load. In order to prevent rusting, the gears were cleaned 


with gasoline and a heavy coating of vaseline was applied; and for further — 


protection they were stored in a cabinet made for the purpose until 
required. In preparing the gears for testing they were first carefully 
cleaned and certain teeth were numbered. The original tooth profiles 
were then measured, and finally the gears were fitted to the machine. 

The numbering of the teeth on the master gear and the test gear 
respectively was such that similarily numbered teeth of each gear 
(for example, tooth number 1 of each gear) were in line with each other 
and meshed with the same tooth on the pinion. The ends of the pinion 
teeth meshing with the master gear teeth were numbered consecutively 
beginning with 1, while those meshing with the test gear teeth were 
numbered consecutively beginning with 31, the numbering being so 
done that numbers 1 and 31 refer to opposite ends of the same tooth. 
Throughout this work any pinion tooth number below 30 indicates 
that the tooth meshed with the master gear, while any pinion tooth num- 
ber above 30 indicates that the tooth meshed with the test gear. Every 
time a set of gears was placed on the machine special care was taken to 
see that the same teeth were in contact. 


10. Description of the Tooth Profile Indicator—A proper and im- 
partial study of tooth wear is not possible without means for accurately 
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. 5. Toors Proritze Inpicator, SHowine Prnton IN Position ror MEASURING 
7 


measuring the wear. Since an instrument suitable for this purpose 
could not be found on the market it was necessary to develop one before 
the durability tests could proceed. 

Figures 5 and 6 are from photographs of the tooth profile indicator 
showing a pinion and a test gear in position for being measured. Figure 
7 is a drawing in which some of the minor details of construction have 
been omitted in order that the description may be easily followed. 
The instrument consists essentially of a base casting carrying three 
slides upon which are mounted the devices for holding the gears in 
position and for measuring the teeth. The slide D carrying the three 
dial indicators is operated by the screw LZ and has a motion of about 
two inches. The other two slides B and C can be moved the full length 
of the instrument and are held in position by tapered dowels P, Q, and 
N. The indicating fingers H have a one-to-one ratio. The fingers termi- 
nate at each end in hardened knife-edges 1¢ inch wide. Due to the action 
of a light tension spring, one knife-edge of each indicating finger follows 
the contour of the tooth, while the other knife-edge actuates a dial 
indicator G or H, graduated in thousandths of an inch. By means of a 
tapered sleeve (a) which fits the tapered bores of the pinions, the 
pinions are mounted on a stud (b) which fits the tapered hole in the 
slide B. This arrangement permits the teeth on either end of the pinion 
to be placed in the position required when measurements are to be taken. 
The master gear and the test gear are also separately mounted on the 
slide B, this being accomplished by replacing the stud (b) with the 
plate (c). The purpose of the slide C and the use of the parts (d) and 
M are obvious from Figs. 5 and 6. 
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Fic. 6. Tooru Prorite Inpicator, SHow1NG GEAR ‘IN PosiTIon ror MEASURING 


The manipulation of the tooth profile indicator may be described 
briefly as follows: The stud (b) is mounted in the slide B and brought 
to the position shown in Fig. 7. The indicating fingers are moved over 
the centering gage-pin K and the dial indicators G and H set at zero 
readings. This setting is the most important one in the whole procedure 
as it is a positive assurance that if for any reason the dial indicators 
have changed in adjustment between two successive measurements 
they may be adjusted again to within a fraction of a thousandth of an 
inch of the original setting. The slide B is next doweled in position for 
holding a pinion or gear, as the case may be (see Figs. 5 and 6). The 
pinion or gear is mounted by means of the devices previously described. 
The slide C is moved into position and this brings the tooth to be 
measured on the center line of the instrument. The indicating fingers 
are set at a definite position on the tooth by means of the gage-block U. 
This position is near the middle of the tooth and is known as the depth 
reference line* since all the radial distances are set in either direction 
from it. With the indicating finger tips on the depth reference line the 
three dial indicators G, H, and J, give initial readings. The initial 
reading of dial J is a zero reading and the indicator is set at zero by 
means of the screw S. The measurements of the tooth profile follow. 
‘These measurements are accomplished by setting the dial indicator J, 
which is operated by screw L, to read the desired distance above or 
below the depth reference line and noting the corresponding readings 
of the dial indicators G and H. 


*The depth reference line is tangent to the pitch circle for the standard and the stub teeth and 
0.100 inch above or below the pitch circle for the long and short addendum teeth. 
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The sensitivity of the instrument was such that the indicating 4 


fingers responded to the slightest variation in the tooth profiles. Since 
only one side of a tooth was tested at a time the readings on the other 
side remained constant during the entire durability test, and hence 
served as a check on the adjustment of the instrument. Moreover, there ~ 
was always a portion of the profile at the base of the tooth where wear 
did not occur and by repeatedly taking measurements on this portion 
of the tooth the setting of the instrument and its accuracy were checked 


on each tooth. It was thus established that the tooth profile indicator — 


gave very reliable measurements. Measurements of the same tooth, 
repeated even after an interval of two or three months, during which 
time many other measurements were made, showed an agreement within 
0.0008 of an inch. 


III. Description oF Trests—Trst Data—DIAGRAMS 


11. Efficiency Tests——In this investigation an efficiency determina- 
tion involved a series of tests in which the scale readings and the man- 
ometer readings were made while the gears were runat a constant velocity, 
the load on the teeth being increased by small increments. At the be- 
ginning of such a series the machine was run with no load on the teeth 
and the reading of the scale recorded. This reading, designated as the 
zero reading, represented the effect of all machine friction, namely, the 
frictional resistance of the bearings, the air resistance, and the tooth 
friction due to idle running. Then, with all other conditions remaining 
unchanged, a small load was put on the teeth by applying air pressure 
to the piston N (Fig. 3) as explained in Section 5. The load on the teeth 
increased (or decreased, depending upon the direction of rotation of the 
gears) the scale reading over that due to idle running, and the difference 
between the two readings represented the tooth friction load. By 
again increasing the pressure on the piston N, readings for another de- 
termination of efficiency were obtained. The whole series of efficiency 
tests (about 20 for the average case) constituted what was termed “‘an 
efficiency run.” The method employed in converting the results of each 
test into per cent efficiency and the derivations of the formulas are 
given in Appendix A. (See also Table 6, page 54.) 

The efficiency is affected by the wearing of the tooth surfaces, and 
inasmuch as efficiency data are of great value in explaining wear 
phenomena it was found expedient to make an efficiency run each day 
during the progress of a durability test. 
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12. Efficiency Curves and Tooth Friction Curves.—An efficiency 
curve is the average curve through the points established by a number 
of efficiency runs. Figure 8a shows a typical efficiency curve, the points 
which established it having been determined by 28 efficiency runs and 
computed by Formula (3) of Appendix A. Figure 8b showsa toothfriction 
curve, so named because the ordinates corresponding to the tangential 
loads transmitted represent the additional tangential loads required to 
overcome tooth friction. The tooth friction curve of Fig. 8b was ob- 
tained from the same test data as the efficiency curve of Fig. 8a, and for 
every point on the efficiency curve there is a corresponding point on the 
tooth friction curve. It was found that the efficiency curves could be 
derived from the tooth friction curves with as much accuracy as could be 
obtained by the use of the formulas in Appendix A. Hence all the 
efficiency curves with the exception of Fig. 8a have been derived from 
the tooth friction curves. 

Figures 9 and 10 show other efficiency curves and Figs. 11 to 14 
the tooth friction curves from which they were derived. The tooth 
friction curves are more useful than the efficiency curves for making a 
comparative study of the factors which affect the efficiency of the 
different tooth forms and are given chiefly for that purpose. It should be 
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TABLE 2 
Wear Data on Gear Ser 5-O 


Total Load on Teeth, 1000 Ib. Average Pitch Line Speed, 763 Feet per Minute, Lubrication, 6 Quarts of Oil per 24 Hours. Figures are in Thousandths of an Inch 
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1 that in every case these curves represent the efficiencies of the 
seth of a single pair of mating gears, since all other friction losses have 
been eliminated, as explained in Section 11. 


13. Durability Tests—A durability test was divided into a number 

of periods, each consisting of the interval of time between successive 
measurements of the tooth profiles. These periods varied, being di- 
rectly proportional to the number of tooth contacts necessary to pro- 
_ duce measurable wear in the tooth profiles. Thus some periods consisted 
of a few hours, while others extended over a week or more. (See Tables 
2, 3, and 4.) 

The conditions under which the durability tests were made were 
standardized on the basis of information gained from two preliminary 
durability tests. As stated in Section 8, the preliminary tests are not 
recorded in this bulletin, having been used only to determine a basis 
“on which to conduct the tests that are reported. The preliminary study 
led to the selection of a tangential load of 1000 pounds on the teeth as 
_the standard load and a pitch line velocity of approximately 700 ft. per 
min. as the standard velocity. Since the master gear had a 2-inch face 
and the test gear a 1-inch face the loads per inch of face were 500 and 
1000 pounds, respectively. This enabled a comparative study of the 
effect of tooth width to be made and gave some idea of the effect of 

tooth load on wear. In order to study the effect of speed on wear a few 
durability tests were made at speeds differing from that selected as 
standard. 

A durability test was conducted as follows: A set of gears was 
mounted on the machine and run under no load for 15 minutes at con- 
stant standard speed. Next, a tangential load equal to one-half the 
standard load was put on the teeth and the gears run at this load for 30 
minutes. They were then run under standard load for a second 30- 
minute period on the conclusion of which the load and power were 
thrown off and the teeth inspected for bearing. In all cases the bearing 
was at, or near, the pitch line and extended uniformly along the full 
width of the teeth, thus indicating proper alignment of the gears. Follow- 
ing the running-in period of one and one-fourth hours the gears were run 
for the first period of the test lasting from 10 to 15 hours. The length 
of the second period was about two days (48 hours of continuous run- 
ning). The subsequent periods extended over a week or more. A com- 
plete durability test, consisting of a series of periods, occupied from one 
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to six weeks. Each durability test was conducted continuously (24 — 


hours per day) and was discontinued when the tooth surfaces of the test 


gears became badly worn. The character of these surfaces is shown in @ 


Figs. 15, 16, and 17. 


14. Durability Test Data——The complete measurements of the 
tooth profiles of 64 teeth constitute the quantitative durability test 
data upon which the results and conclusions given in this bulletin are 
based. By the phrase “complete measurements of a tooth profile” is 


meant the determination of gage readings of points on the tooth profile — 


at depth intervals of 0.010 inch. In Tables 2, 3, and 4 the figures in 
any column after the first represent a complete measurement of a tooth 
profile. In addition to the number of teeth completely measured three 
or more points on the tooth profiles of some 300 other teeth were deter- 
mined in order to obtain information concerning the relative wear on all 
the teeth in a gear set. Of the large amount of data secured a small but 
typical portion is given in Tables 2, 3, and 4. The first column in each 
of these tables gives the radial depths measured from a depth reference 
line as explained in Section 10. The second and succeeding columns 
represent several complete measurements of each of three tooth profiles. 
Hence by plotting the figures of any one of these columns as abscissas 
and those of the first column as ordinates a tooth profile is established. 
If the values in any two columns (for the same tooth) are plotted, the 
difference in the tooth profiles represents the wear for the period or 
periods given at the head of the columns. The shaded portions of Figs. 
19 to 27 were obtained in this way. 

It was found more convenient to plot the tooth profiles from a 
vertical reference line near the tooth profiles than from a reference line 
through the center of the tooth (see B-B, Fig. 18). As explained in 
Section 10, the dial gages were set at zero reading by means of a gage-pin. 
This pin is represented by the circle in Fig. 18. It is 0.400 inch in diameter 
(a convenient arbitrary value) and hence the zero readings of both 
transverse dial gages establish two reference lines B-B, 0.400 inch apart. 
When a tooth profile was measured the dial gage readings were positive 
or negative depending upon whether the tooth at the particular point 
measured was thicker or thinner than 0.400 inch. Thus the values in 


Tables 2, 3, and 4 are either positive or negative with respect to the — 


reference line B-B. If the values are positive they are plotted to the right 
as the distance b, in Fig. 18, or if negative, to the left, as the distance a. 
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S——eoee—eoOoOoooeeeeeeeoeoeoeoeoeoeyeoowonooT00@am9SX00mam09S eee OO eee 
q wi . 
W Pinion Tooth No. 31 (1-in. Face) Test Gear Tooth No, 1 (1-in. Face) Pinion Tooth No. 2 (2-in, Face) 
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(a) Pinion 


(b) Gear 
Fig. 15. Conprrion or TootH SURFACES OF Gear Set 5-R at END OF 
DuRABILITY TEST 


1414-degree long and short addendum teeth, 18:72 combination 
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(a) Pinion 


(b) Gear 
Fig. 16. Conpirion or Tooru SuRFACES oF Guar Set 7-R at Enp oF 
Durasmitry Trsr 


1414-degree standard teeth, 18:72 combination 
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(a) Pinion 


(b) Gear 


Fic. 17. Conprrion or Tootu SurFraces or GEAR Sper 9-R at END OF 
DurRaBILITy TEST 


20-deg. stub teeth, 18:72 combination 
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| Reference 
Lite 


Lines 


: aes 
Fig. 18. Diagram SHowine RECORDED MEASUREMENTS OF TOOTH PROFILES 


In order to determine the relative wear on all the teeth in one gear — 
set all the teeth of that set were measured. In this gear set complete 
measurements were made on all the pinion teeth. Three teeth of the test — 
gear were measured completely and the other 69 at three points, namely, — 
on the depth reference line, and at two other points 0.100 inch on either — 
side of it. These measurements showed that the teeth in a gear or 
pinion did not wear uniformly nor did the same amount of wear occur — 
on each tooth, but the differences were not great enough to justify the 
measurement of all the teeth in every gear set. 


15. Diagrams Showing Progressive Change in Tooth Profiles — 
Figures 19 to 27 are typical diagrams showing the manner in which the | 
mating profiles changed as wear progressed. In each case, except Fig. 24, 
the pinion tooth is shown to the left and the mating gear tooth to the | 
right. This places the mating profiles in proper driving relation for 
clockwise rotation of the pinion. The numbers in circles are the period — 
numbers, and indicate corresponding pinion and gear tooth profiles — 
after the period of running indicated by these numbers. Referring to 
Fig. 23 and Table 4, for example, the period number two for pinion and — 
gear tooth profiles indicates that the change shown has taken place in~ 
the mating profiles after the time of running required for a total of 
2 350 000 contacts of the pinion tooth and 587 500 contacts of the gear | 


; 
7 


Wear Data on Gear Set 9-R 


4 


| ; TABLE 4 
| 


Total Load on Teeth, 1000 Ib. Average Pitch Line Speed, 740 Feet per Minute. Lubrication, 3 Quarts of Oil per 24 Hours. Figures are in Thousandths of an Inch 


| > nne 
7 Pinion Tooth No. 32 (1-in. Face) ; Test Gear Tooth No. 1 (1-in. Face) Pinion Tooth No. 1 (2-in. Face) 
it 
ial Period Number Period Number Period Number 
ee DT Original 
- ofile 4 rofile 1-2 3 4 rofile i 
_ ines 1 | 2 | 3 | | 5 | . Measure- | | 5 : Measure- a? | S : 5 | e 
: ments © |---| ments ments. |——-HA—— 
Number of Contacts in Millions Number of Contacts in Millions Number of Contacts in Millions 
0.73 2.35 6.05 11.58 18.34 26.28 0.18-0.58| 1.51 2.89 4.58 6.57 0.73-2.35| 6.05 11.58 18.34 26.28 
190 —86.3 ate 88.5 —89.3 —90.5 —95.9 —99.7 =78.4 Weeys,4. ||) 78.4 | —78.5 | =79.6 | =s0r8 =87,2)) |e e8.1 | 885 | —=s8/s 1) —so.40|econs 
170 —76.4 —79.0 —79.4 —79.4 —81.0 —86.2 —89.4 —70.4 — Ue | —70.2 —70.3 —70.3 —70.3 Vieni —78.9 Ola —78.7 —79.7 —S0nL 
150 —67.0 | —69.4 | —69.2 | -69.8 | -70.8 | -—75.2 | —79.2 —62.5 | -—62.5 | -62.5 | -62.4 | -62.5 | —62.7 =67 80) mees.8 | 69.9 || 60.48) -s6018 1 Seo 
130 —57.6 —60.8 —60.6 —61.2 —61.8 —66.0 | —69.6 544) eens 254.2 | 5404 | 54 6) 4 S54anG —58.7 | —=po.38 | —60.5 | —60.9.| 61.3.1 —61.3 
110 =49.5 | —52.1 | —52.3 | —52.9 | —52.9 | —57.5 | 60.5 47.39 WaT gn) 47.8 | —47.1 | —47.3 1 =47.4 —50.5) Peel? | =S51.7 | =52°5 | —<ae.7 1. 25907 
—45. —48.9 —48.5 —49.1 —49.5 —53.1 —55.9 —43.5 —43.5 —43.5 —43.5 —43.7 —43.7 —46.5 —48.3 —48.5 —48.9 —49.5 —49.5 
feo ees | ae) oats | 45-5 |. —a8'6 | =50-7 —39.9 | -39.6 | -39.6 | -40.0 | -40.1 | -40.1 —42.6 | 44.4 | -44.4 | -45.2 | -45.4 | -45'6 
80 —37.5 —39.9 —39.9 —40.8 —41.2 —44.4 —46.7 —36.1 —36.1 —35.9 —35.9 —36.2 —36.4 —38.6 —40.2 —40.4 —41.0 —41.4 —41.4 
70 Sx41 1 —30.3 | =—86.8 | =36.9 | —37.7 | -—40.1 | —42.5 —83.0 |) —32.6 | =32.8 | -—32.9 | -33.0 | —33.1 =35.0 | —86.6 | ~-37.0 | —37.2°| =87.4 | =37.9 
60 —30.5 —32.5 —32.3 —32.9 —33.5 —36.3 —38.3 —29.4 —29.4 —29.4 —29.4 —29).6 —30.0 —31.5 =$2.7 = Saif —33.3 —33.9 —34.3 
z 28. 28.5 | -29.5 | -30.3 | —32.7 | 34.3 —25.7 | —25.5 | —25.5 | -25.5 | -26.2 | —26.7 27.7 Seer. | —30.1 sort naib ene 
a mer “ong | ~24.7 —25.9 | —26.5 | —29.3 | —30.5 —22.0 | —92.2 | —22.2 | 22.1 | 22.4 | —24.4 —24.1 | —B5.9 | -26.1 | —26.1 | -27.1 | —27.1 
30 ie Sg = 211.7 22053 —22.9 —26.1 —27.1 =18:6 |Meeisrs E1358 —19.0 —20.4 —22.1 = 0071 Tee Spey I Soe || Soe |) Seay 
20 a iia | Sis?) 19.0 | —20'5 | =21.9 | —23.3 || —15.6 ei5.7 | -15.6 | -15.8 | 18.7 | 19-5 || *—18.9 >] "2po.4 | —19.4 | —J9. 2010 90.6 me oro 
10 —14.4 —15.6 —15.6 —15.6 —17.4 =1s.4 —20.4 10 = 1393 =i —13.1 —17.1 =18)4 Sip —15.9 1681 —16.3 —17.9 —17.9 
2 i, Eat 4 —12.6 —12.6 =1310 —14.8 She —18.6 —8.6 -9.4 —9.4 9.4 Sore —15.4 —12.0 —13.2 = 1846 ~13.8 —15.8 —16.0 
a2 = =9 =O. Tire —15.4 —16.6 7553 S58 ie 5 |) =O |) 1.6 —9.0 —10.4 —i0.4 S11 000i ee eaD 
a4 ae ane = 73:3 —8.8 —14.0 21456 =e =) —2.3 Bors =7.'0 —9.4 —6.1 B73 Se =. =). -9.9 
~3 2 =450 =43 —4.8 -7.2 | -10.5 | —12.4 +0.7 +0.7 11.1 41.1 -3.0 -6.0 —3.9 45.1 —5.1 —5.7 -7.1 —1.7 
30 =3.2 oa ae are er 9.0 21156 4.0 4.0 4.2 +4.0 —0.2 =9 1 S153 ~3.0 —3.2 =O —414 —4.6 
40 =10 Pe ae Sag -3°7 =8.7 | =10.7 7.3 7.0 6.9 6.9 42.8 +1.6 40.5 =0.5 20.7 =1,3 =1.9 =2:5 
Se =6.3 =9:2 10.6 10.4 10.6 10.6 6.9 5.8 2.6 41.2 41.2 +0.9 +0.2 -0.4 
60 a6 els sa ue Zoi 2G =f 13.6 13.3 13.7 13.8 10.6 9.4 4.3 3.1 2.5 2.5 ile 41.5 
70 i a a oe ot 32 6.2 16.5 16.5 16.5 16.6 14.1 12.8 6.2 4.0 4.0 3.6 2.8 2.8 
80 ay 60 5.8 Real +3.0 —1.8 —4.6 19.4 19.4 19.4 19.4 17.8 VGiat 7.9 6.1 5.5 5.1 4.3 4.1 
100 07 7.5 7.4 Tak 4.7 +0.1 -2.7 22.6 22.4 22.6 22.2 20.8 19.7 9.2 7.6 7.4 7.0 6.2 6.0 
-0.6 25.6 25.4 25.8 25.4 25.2 24.7 10.4 8.8 9.2 8.6 8.2 8.0 
110 10.8 9.0 io? oe he ae 723 31.1 31.0 31.0 30.8 30.9 30.9 12.2 10.2 10.8 10.6 10.0 10.0 
130 12.5 10. ; : : 4 36.2 36.0 36.1 35.9 35.9 36.0 12.6 12.4 12.4 11.8 11.4 11.4 
12.5 12.5 12.3 11.9 8.3 5 
150 12.9 : : 12:9 10.5 44.5 MN | eee |e eene eee Ee a 13.7 13.7 
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Pinion 
Tooth Na 32, 


Test Gear Tooth 
No.1, "Face 


Nore: Entire test 
gave 906,000 
COVITACTS Of? 
Test Gear Toorh, 
but no apprecia- 
ble Wear oc- 
curred atter 
165,500 Ccormacts. 


Distances in Thousandths of an Inch 


200 


Addendum of Gear 


250 


oa rie 


300 S-R } 
Fig. 19. Dracrams or Mesuine Tootu PROFILES SHOWING PROGRESSIVE 
Wear on Gear Set 5-R 


1414-deg. long and short addendum teeth, 18-tooth pinion, 72-tooth gear. Load on teeth, 1000 lb. 
per in. of face. Pinion r.p.m., 638. Lubrication, 3 and 6 qt. of oil per 24 hr. . 
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Fig. 20. Diagrams or Musuine Toors PRoFILEs SHOWING PROGRESSIVE 


300 


Wear on Gear Set 5-O 


gear. Load on teeth, 1000 Ib. 


tooth pinion, 72-tooth 


18- 


eth, 
Lubrication, 6 qt. oil per 24 hr. 


g and short addendum te 
1 648. 


Pinion r.p.m., 
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14% 
per in. of face. 
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Dracrams or Mesuine TootH Prorites SHOWING PROGRESSIVE 


Fig. 21. 


Wear on Gear Set 7-R 


jz tooth gear. Load on teeth, 1000 Ib. per in. of face. 
r, 


3 qt. oil per 24 


18-tooth pinion, 
Lubrication, 


standard teeth, 


636. 


1414-deg. 


Pinion r.p.m., 
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Fig. 22. Diagrams or Mrsuine Toots PrRori.es SHOWING PROGRESSIVE 


Guar Set 7-O 


WEAR ON 
tooth pinion, 72- 


, 1000 Ib. per in. of face. 


tooth gear. Load on teeth 


, 6 qt. oil per 24 hr, 


Lubrication 


-deg. standard teeth, 18- 


14% 
Pinion r.p.m., 937. 
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144 “Long and Short 


S 


S 
S 


Distances in Thousand ths of an Inch 


Y-F 125 10a 
O-F 429 4079 


250 


Period Numbers6)_©@) 


) 


300 
Fic. 24. Diagrams or Toots Prorites or Gear Sets or 18:72 Ratio Spowing 
Fivau Wear on 2-1ncH Face Pryions 


Results of durability tests on 2-in, face. Pinion teeth of gear sets of 18:72 ratio. Load on teeth, 
500 Ib. per in. of face. Pinion r.p.m., 628-1216, Lubrication, 3 and 6 qt. oil per 24 hr. 
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NAths of an Inch 


Distances 1 Thousa. 


Fig. 25. Diagrams or Mrsuina TootH PrRoFILES SHOWING PROGRESSIVE 
Wear ON GEAR SET 4-R 


20-deg. long and short addendum teeth, 12-tooth pinion, 72-tooth gear. Load on teeth, 1000 lb. 
per in, of face. Pinion r.p.m., 1064. Lubrication, 714 qt. oil per 24 hr. 


ILLINOIS ENGINEERING EXPERIMENT STATION 


38 


Pinion Tooth Na. 32, 


iS} S e NY 


~ 


YIU) UB JO SY{puOoSNoYs UW sa2ubisig 


8 


Feriod Numbers 


z 


S S 
S 
NS 8 


S-R 


RESSIVE 


Fic. 26. Diagrams or Mrsnine Tootr Prorites SHowine Prog 


Wear on Gear Ser 6-R 


1000 Ib. per in. of face. 


’ 


teeth 


th gear. Load on 


72-too 
1% qt. oil per 24 hr. 


pinion, 
7 


12-tooth 


14-deg. standard teeth 
on r.p.m., 1103. Lubrication, 
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Pitch Circle S 


of Gear: 
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100 


Addenda 


Distances in Thousand/hs of an 
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200 


250 


¥ig. 27. Draarams or Mesuine TootruH ProFILES SHOWING PROGRESSIVE 
Wear oN GEAR SET 8-R 


20-deg. stub teeth, 12-tooth pinion, 72-tooth gear. Load on teeth, 1000 lb. per in, of face. Pinion 
r.p.m., 920. Lubrication, 714 at. of oil per 24 hr. 
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tooth, since the ratio is 4:1 for the 18:72 combination. In Figs. 19 to 23, 1 


25, 26, and 27 the profiles to the extreme left and extreme right repre- 


sent the final measurements of the test, and hence the shaded portion — 


represents the total amount of wear occurring. 


16. Contacts—Wear Diagrams.—Another type of curve which was 
found convenient in interpreting and explaining the wear phenomena is 
the contacts—wear diagram. Typical diagrams are shown in Figs. 28 
to 35. The purpose of these diagrams is to represent graphically the 
rate at which some particular point on the tooth profile wears away. 
Thus the wear in thousandths of an inch has been plotted as ordinates 
and the number of contacts which the tooth has made as abscissas. 
The contacts—wear diagrams for the pinion have been plotted for only 
three points of a profile. Similar diagrams for some 20 or 30 other points 
on a profile could be plotted if desired from the information contained 
in Tables 2, 3, or 4. Of the three points selected on the pinion profile 
one is at the pitch line and the other two on the face and flank where the 
wear is greatest. In the case of the gear tooth profile the wear is confined 
to the region near the pitch line, and hence the wear at that point only 
has been plotted. A study of the progress of wear at these points will 
give a fair indication of the progress of wear on the profile as a whole. 
In comparing wear for the pinion and gear it should be noted that for 
the same length of time of running the number of contacts of pinion and 
gear are in the ratio of 4:1 or 6:1,‘depending on the combination. 


IV. Resuutts or Erricitency Tssts 


17. Effect of Lubrication and Speed on Efficiency —Several efficiency 
tests were made using light, medium, and heavy oils, respectively, and 
in a series of tests with the same oil it was applied in varying quantities. 
These tests showed that neither the kind nor the amount of oil used 
made any appreciable difference in efficiency as long as the quantity 
applied was sufficient to prevent heating and cutting of the tooth 
surfaces. 

A great number of tests were made in an effort to determine the 
effect of speed on efficiency. In this study all speeds from 80 to 1300 
r.p.m. of the pinion, corresponding to pitch line velocities of from 60 to 
1500 feet per minute, were tried. These tests were performed on differ- 
ent sets of gears and at different times but the results always indicated 
that for the same tooth and condition of tooth surface the efficiency did 
not vary with the speed. 
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Fig. 28. Conracrs—WeEaArR D1aGRAMS FOR GEAR SET 5-R 


1414-deg. long and short addendum teeth, 18-tooth pinion, 72-tooth gear. Pinion tooth No. 32 
meshes with test gear tooth No. 1. Pinion tooth No. 1 meshes with master gear tooth No. 1.- Load on 
1-in. face gears, 1000 Ib. per in. of face. Load on 2-in. face gears, 500 Ib. per in. of face. Pinion r.p.m., 
638. Lubrication, 3 and 6 qt. of oil per 24 hr. 
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Fig. 29. Conracrs—WerAR DiAGRAMS FOR GEAR SET 5-O 


1414-deg. long and short addendum teeth, 18-tooth pinion, 72-tooth gear. Pinion tooth No. 31 
copa elt trite eae tooth No. 1. Pinion tooth No.2 meshes with master gear tooth No.1. Load on 
1-in. face gears, 1000 Ib. per in. of face. Load on 2-in. face gears, 500 Ib. per in. of face. Pinion r.p.m., 


648. Lubrication, 6 qt. oil per 24 hr. 
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Tooth Face, 0024" above Pitch Line |__| 4 
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Fig. 30. Contacts—Werar Diacrams ror Gear Ser 7-R 


14}4-deg. standard teeth, 18-tooth pinion, 72-tooth gear. Pinion tooth No. 32 meshes with test. 
gear tooth No. 1. Pinion tooth No. 1 meshes with master gear tooth No. 1. Load on 1-in. face gears, 


1000 Ib. per in. of face. Load on 2-in. face gears, 500 lb. perin. of face. Pinionr.p.m., 636. Lubrication, 
3 qt. of oil per 24 hr. 


16 Progress of Wear on Tooth Face, 0024’.above Pitch Line 
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Fie. 31. Conracts—Werar Diagrams FoR GEAR Set 7—-O 


1414-deg. standard teeth, 18-tooth pinion, 72-tooth gear. Pinion tooth No. 31 meshes with test 
gear tooth No. 1. Pinion tooth No. 2 meshes with master gear tooth No. 1. Load on 1-in. face gears, 


1000 Ib. per in. of face. Load on 2-in. face gears, 500 lb. per in. of face. Pinion r.p.m., 9387. Lubrica- 
tion, 6 qt. of oil per 24 hr. ’ 
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Progress of Wear on Tooth Face, 0/90" above Pitch Line 
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Fia. 32. Contactrs— Wear DiacraMs ror Gear Set 9-R 


20-deg. stub teeth, 18-tooth pinion, 72-tooth gear. Pinion tooth No. 32 meshes with test gear 
tooth No. 1. Pinion tooth No. 1 meshes with master gear tooth No. 1. Load on 1-in. face gears, 1000 
Ib. per in. of face. Load on 2-in. face gears, 500 lb. per in. of face. Pinion r.p.m., 628. Lubrication, 
3 qt. of oil per 24 hr. 
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Fig. 33. Conracrs—Wear DiacraMs ror Gear Set 4-R 


20-deg. long and short addendum teeth, 12-tooth pinion, 72-tooth gear. Pinion tooth No. 32 
meshes with test gear tooth No. 1. Pinion tooth No. 1 meshes with master gear tooth No. 1. Load 
on 1-in. face gears, 1000 Jb. per in. of face. Load on 2-in. face gears, 500 Ib. per in. of face. Pinion 


r.p.m., 1064. Lubrication, 7% at. of oil per 24 hr. 
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Fia. 34. Conracrs—Werar Dracrams ror Gear Ser 6-R 


14}4-deg. standard teeth, 12-tooth pinion, 72-tooth gear. Pinion tooth No. 32 meshes with test 
gear tooth No. 1. Pinion tooth No. 1 meshes with master gear tooth No. 1. Load on 1-in. face gears, 
1000 lb. per in. of face. Load on 2-in. face gears, 500 Ib. per in. of face. Pinion r.p.m., 1103. Lubri- 
cation, 744 qt. of oil per 24 hr. 
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efficiency curves, Figs. 8a, 9, and 10, that the effect of the load trans- 
mitted by the teeth on the efficiency is practically negligible. Since the 
__ efficiency does not vary with the speed, the abscissas of these curves can 
be readily transformed into power transmitted for any given speed 
_ desired. 
7 Some previous investigators (see Appendix B) have found the 
i efficiency to vary appreciably with the load. It is to be observed that 
; in such cases the machine friction was not altogether eliminated, how- 
ever, and particularly at small loads it apparently accounted for a large 
| part of the loss assumed to be due to tooth friction. It has also been 
noted in other investigations that at heavier load the efficiency decreases 
_ slightly with the load, and this is corroborated by the present investiga- 
tion. The slight decrease in the efficiency at the larger loads has been 
_ attributed to the breakdown of the oil film (Item 50, Appendix C). This 
appears to be a logical explanation and one of much theoretical interest. 
Practically, however, the decrease in efficiency is so small that it may be 
considered negligible. Furthermore, in the case of unhardened gears, 
the loads at which the efficiency begins to decrease are too large to be 
practicable from the standpoint of durability. 


19. Effect of Tooth Proportions on Efficiency.—The effect of the 
angle of obliquity and the length of addendum on the efficiency has 
been the subject of much discussion and controversy (see Appendix 
B). Writers have generally agreed that the length of addendum is the 
more important factor, but some have maintained that the angle of 
obliquity also has a considerable effect on efficiency. For this reason an 
attempt was made to obtain as much experimental evidence as possible 
on the disputed points. Since the tooth friction curves, Figs. 11 to 14, 
are more satisfactory for purposes of a comparative study than the effi- 
ciency curves they will be used for reference in this discussion instead of 
the efficiency curves. Two facts with respect to tooth proportions are 
shown by these curves: (1) when other conditions are the same the ad- 
dendums which have the greater sliding action show the greater tooth 
friction; and (2) the addendums which permit the greater vibration 
show the greater tooth friction. 

A comparison of the ordinates in Figs. 11 to 13 brings out clearly 
the effect of sliding action resulting from different lengths of addendums. 
It may be noted, however, that the differences between the correspond- 
ing efficiency curves, Fig. 9, are very slight. 


18. Effect of Load Transmitted on Efficiency —It is obvious foo the | 


* 
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Although no means were available for obtaining quantitative data 


on the influence of the second factor, the vibration of gear sets 6 and 8 
was observed to be decidedly greater than that for any of the other gear 
sets tested. The effect of this vibration is shown by the different shapes 
of the tooth friction curves for gear sets 6 and 8, Fig. 14, as compared 
with that for gear set 4, Fig. 14, and with those for gear sets 1, 5, 7, and 
9, Figs. 8b, 11, 12, and 18. 

The 1414-degree standard teeth and the 20-degree stub teeth were 
chosen for a comparative study of the effect of obliquity of action. 
This comparison is made possible by the fact that the 1414-degree stand- 
ard teeth are somewhat ‘‘eased off’? at the end and therefore do not 
come into contact over the entire length of addendum until some wear 
has taken place. During the early part of the durability tests obser- 
vations were made with regard to the length of addendum in contact 
on each of the two types of teeth; and when the addendums over which 
contact occurred were equal in length no difference between the efficiency 
of the 1414-degree teeth and the 20-degree teeth could be detected. 


20. Effect of Irregular Spacing of Teeth and Condition of Tooth Sur- 
faces on Efficiency —Irregular spacing of the teeth causes vibration which 
obviously affects the efficiency of gearing. The extent of this effect was 
observed in the study of the results from a set of gears which had slipped 
on the arbor in the process of cutting. The teeth were cut with a standard 
rotary cutter and in order to reduce the error caused by the slippage 
the teeth were recut 0.020 inch deeper than standard. An inspection 
showed that the recutting did not eliminate all the error in tooth spac- 
ing, but the exact amount was not determined. This set of gears ran 
with excessive vibration and noise, but notwithstanding the imperfec- 
tions, did not show as low an efficiency as expected. While the actual 
loss was greatly increased the efficiency was not materially affected 
because the loss was small in proportion to the total load transmitted. 
The average efficiency of these gears was 98.7 per cent as compared with 
an average of 99.2 per cent for the same type of gears properly cut. 
Stated in terms of the friction loss, however, the per cent loss for the 
poorly-cut gears is 1.3 and that for the well-cut gears is 0.8. Thus the 
poorly-cut gears showed about 60 per cent greater friction loss than the 
well-cut gears. 

A study of the results of a great many efficiency runs leads to the 
conclusion that the condition of the tooth surface has a measurable effect 
on efficiency, even in the case of new tooth surfaces which have not 
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become worn appreciably. This in part accounts for the fact that the 
plotted points for the tooth friction curves in Figs. 8b, 11, 12, and 
: 13 cover a comparatively wide strip or area. It may be noted that with 
. unhardened gears the condition of the tooth surface is constantly 
changing from a comparatively smooth surface to a slightly roughened 
surface and then back again to the smooth condition. Before the sur- 
faces become appreciably worn the magnitude of the effect of surface 
condition is small. After the teeth become badly worn the loss in 
_ efficiency is due not only to the poor surface condition, but also to the 
_ additional vibration which results. 
| From the contacts—wear diagrams, Figs. 28 to 35, it is observed that 
in all cases the curves show an abrupt rise within the first million con- 
tacts. Then the curve runs approximately horizontally for a compara- 
_ tively long period and finally begins to rise again. This is characteristic 
of all contacts—wear diagrams. The highest efficiencies were obtained for 
the number of contacts corresponding to the least slope of the contacts— 
wear diagram; that is, when the rate of wear is a minimum, correspond- 
ing to that part of the diagrams where the curves are almost horizontal, 
the efficiency is the highest. The last portions of the contacts—wear 
diagrams correspond to the periods during which the tooth surfaces 
were breaking down rapidly. During this period there was a pronounced 
increase in the tooth friction loss and consequently a reduction in the 
efficiency. In order to show the increase in tooth friction loss due to the 
badly worn tooth surfaces the upper curve in Fig. 13 was plotted. This 
curve is typical, and for the reason that gears are not ordinarily run with 
such tooth surfaces more curves are not given. 

The tooth friction curves, Figs. 11 to 14, were plotted from the 
data obtained during the period indicated by the approximately hori- 
zontal portions of the contacts—wear diagrams, Figs. 28 to 35, when little 

or no wear was taking place, and therefore represent the best running 
conditions. 


21. General Comments on Results—A study of the history of gear 
testing shows that other investigators have found the determination of 
frictional losses in gear teeth elusive and difficult to repeat with pre- 
cision. The slightest variation in any one of the many factors involved 
obviously will have an appreciable effect on such a small quantity as 
tooth friction loss. In this investigation similar difficulties were en- 
countered, and although the Lewis machine was sufficiently sensitive 
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to justify the conclusions drawn, it is believed that a specially con- 
structed machine of extreme accuracy and sensitiveness is necessary to 
register the effect of some of the minor factors which may affect the — 
frictional losses in gear teeth. 


V. Resuuts or DuraBsitiry TEstTs 


22. Factors Which Affect Durability—The results of these tests — 
indicate that the factors which have the greatest influence on the dura- 
bility of gear teeth are lubrication, sliding action, vibration, and load 
transmitted. The number of tests in which the speed was varied and 
the range of speed used were not sufficient to justify the drawing of any 
conclusions as to the effect of speed. 

In the preliminary tests only medium and short addendum gears 
were used. It was found that 3 quarts of oil every 24 hours were suffi- 
cient for these gears and this quantity was adopted as standard and used 
for the first three regular durability: tests, namely, No. 5-R, No. 7-R, 
and No. 9-R. This quantity of lubricant was found satisfactory for 
durability tests No. 7-R and No. 9-R, as shown by the large number of 
contacts (see Figs. 30 and 32 and Table 5) before rapid wear started 
and the long period of running before pronounced failure occurred. 
But in durability test No. 5—R this quantity of oil proved to be insuffi- 
cient, since considerable heating resulted, rapid wear started immediately 
(see Fig. 28 and Table 5), and pronounced failure occurred in a very 
short time. In order to eliminate heating and cutting the quantity of 
oil was doubled during the latter part of durability test No. 5—-R, that 
is, was increased from 3 to 6 quarts per 24 hours. As a result the rate 
of wear was considerably reduced. Referring to Figs. 11, 12, and 13, 
it may be noted that in the case of gear set 5 the tooth friction is some- 
what greater than in the case of gear sets 7 and 9. Evidently the amount 
of lubricant was just sufficient to prevent rapid wear in durability tests 
Nos. 7-R and 9-R, but inadequate for durability test No. 5-R, due to 
the somewhat greater sliding action. 

The next three durability tests were made on tooth profiles 5-O, 
7-O, and '9-O which are the profiles opposite those designated as 5-R, 
7-R, and 9-R on gear sets 5, 7, and 9 (see Table 5). Durability test 
No. 5-O was made under the same conditions as No. 5-R except that 
the lubrication was increased to 6 quarts of oil per 24 hrs. 
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A comparison of the total number of contacts before rapid wear 
occurred, namely, 80 000 for 5-R and 800 000 for 5—-O (see Table 5), 
shows the pronounced effect of lubrication on the durability of teeth. 
A similar comparison of 7-R and 7—O shows 4 000 000 and 7 000 000 
contacts, respectively, due to the increased lubrication, and in spite of 
an increase in speed of from 636 r.p.m. to 937 r.p.m. On gear set 9 where 
the speed for 9-O was just double that for 9-R, the test gave every 
indication of showing similar results; but the durability test on gear set 
9—O had to be stopped before pronounced failure occurred on account of 
the pinion coming loose on the shaft, resulting in damage to the teeth. 
These tests thus showed the decided influence of lubrication on dura- 
bility. 

The total number of contacts at the beginning of the rapid break- 
down of the test gear teeth were 3 410 000 for 4—R, 650 000 for 6—-R, 
and 1 550 000 for 8-R. These results show the marked influence of 
vibration on the durability of gear teeth. Referring to Section 19, it is 
noted also that in this series of tests vibration had a decided effect on the 
tooth friction. 

The manner in which the load transmitted affects the durability 
of gear teeth may be observed by comparing the wear results on the 
one-inch and two-inch faces. In all cases, except durability test No. 9—-O, 
the pair of gears of the one-inch face (test gears) carrying a load of 1000 
Ibs. per inch of face eventually showed pronounced failure, but in no 
case did the pair of gears of the two-inch face (master gears) carrying a 
load of 500 Ib. per inch of face show as much as 0.001 of an inch wear on 
the cast-iron gear or more than a few thousandths of an inch on the 
pinion tooth. The small amount of wear on the master pinion occurred 
during the early part of the test except in the case of durability test 
No. 8-R where wear continued throughout the test. These results in- 
dicate that there is some critical load below which the gears will have 
long life and above which their life will be short. This critical load has 
not been determined definitely but the results indicate that it is ap- 
proximately 500 lb. per inch of face for the gears tested. 


23. Characteristic Wear Phenomena.—Figures 19 to 23 and 25 to 
27 show the progressive changes in the mating tooth profiles due to 
wear, and the contacts—wear diagrams, Figs. 28 to 35, show the rate of 
wear for selected points on these profiles. A study of these two sets of 
related diagrams will give a clear idea of the progress of wear throughout 
a durability test. It may be noted that all the diagrams Bee the same 
general characteristics. 


{ 


t 
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In all cases where failure occurred the cast-iron gear teeth broke 
down apparently by crushing of the material in the region of the pitch 
line. In no case was there any indication of failure near the outer ends 


_ of these teeth other than a slightly pitted condition of the surfaces. 


| 
| é 
| 


No measurable wear was obtained on the master gear (also of cast-iron) 
during any of the durability tests. Although there was no measurable 
change in the tooth profile, the tooth surfaces in some cases showed a 
slightly pitted condition which, however, was not confined altogether 
to the region of the pitch line. The first indication of failure of a cast- 
iron gear tooth was always the appearance of a very narrow and shallow 
groove or band at the pitch line, extending over the full width of the 
tooth. This groove, or band, which was smooth at first and of uniform 
width, became pitted and irregular as the material began to break down, 
and the more or less rapid failure which followed resulted in a decided 
hollowing out of the tooth in the region of the pitch line. 

The unhardened steel pinion teeth, on the other hand, failed by 
abrasive wear which in general resulted in a final outline of double 
curvature. The most striking observation in the case of the pinion was 


_ that within the first million contacts the pinion teeth did not retain 


their original outline, but wore off a few thousandths very rapidly; 
after this wear practically ceased or was retarded for a comparatively 
long period. This was characteristic of all tests regardless of load, speed, 
or lubrication. Examination of the first sloping portion of the contacts— 
wear diagrams, Figs. 28 to 35, will make this clear. The second rapid 
upward trend of the contacts—wear diagram begins usually at the point 
where the mating cast-iron gear teeth began to fail causing rapid 
wear on both the gear and pinion. This upward slope continues for a 
time and then the curve becomes nearly horizontal again. Itis apparent 
from a further study of the diagrams that with continued running this 
cycle of wear phenomena is constantly repeated. This would apparently 
indicate that after losing their original outlines the mating teeth periodi- 
cally wear to conjugate forms. 


24. Effect of Wear on the Shape of Tooth Profiles.—In every test in 
which the cast-iron gear teeth showed a measurable amount of wear, 
this took the form of a characteristic hollowing out of the profile at or 
near the pitch line, with no measurable effect on any other part of the 
profile. The pinion teeth which mated with the cast-iron gear teeth wear- 
ing in this manner tended in general to assume a profile of a more or less 
distinct double curvature, that is, there was a wearing off near the end 
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of the tooth and a hollowing out in the flank. Similar observations have, | ‘ 


no doubt, led to the claim made by some writers that involute teeth 
wear to a cycloidal shape (see Section 6, Appendix B). 

When little or no wear occurred on the mating cast-iron gear teeth, 
the production of this characteristic double curvature of the pinion 


profile was much less pronounced. This is evident from Fig. 24 in which ~ 


several of the master pinion profiles have been plotted. The wear shown 
on these profiles is the result of their action with the master gear teeth 
on which no wear occurred. In these cases the wear on the pinion 
teeth appears to be practically uniform over the entire working part of 
the profiles, but a close inspection will show a slight tendency toward 
double curvature. Thus in practically all the tests the same general 
characteristic changes occurred in the shapes of the tooth profiles. 
This was clearly observed from inspection of the actual teeth and is 
also apparent from Figs. 15 to 17 and 19 to 27. . 


25. Theory of Failure of Gear Teeth—From the information gained 
in this investigation and from the characteristic manner in which failure 
occurred, it becomes possible to advance a theory of failure of gear teeth 
composed of materials of the nature of those used in these tests. It has 
been pointed out that the pinion teeth wear rapidly at first regardless of 
pressure, lubrication, or sliding action. At the end of this short period 
of wear the pinion tooth profile has assumed a shape similar to that shown 
at b in Fig. 36. (The amount of change has been exaggerated for the 
sake of clearness, but a careful examination of Figs. 19 to 27 will show 
the same characteristics.) When this shape of profile has been attained 
wear practically ceases or is very much retarded, provided the lubrica- 
tion is sufficient and the pressure not too great. With the small addi- 
tional wear which does occur, however, the face and flank need to wear 
off and hollow out very little more before the area of the ridge at the 
pitch line on the pinion becomes so small that the corresponding area 
on the gear tooth is unable to withstand the transmitted pressure and 
the material in the cast-iron gear tooth crushes.* Rapid wear follows on 
both the pinion and gear, the wear being somewhat aggravated by the 
abrasive action of loose particles of the crushed material of the cast- 
iron gear. After a time this acute condition is to a certain extent re- 
lieved by the local failure and the smoothing of the roughened surfaces, 
and the rate of wear decreases. 


*This form of failure has also been ascribed to the low rubbing velocity at the pitch line which 
results in poor lubrication and therefore causes the metals to seize. (See Section 11, Appendix B.) 


: 
: 
: 
: 
: 
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Fie. 36. Prormez Cuancre Diagram 


On the other’hand, if the lubrication is sufficient to arrest the wear 
after the tooth profile has assumed the shape at b, Fig. 36, the gears 
will run for a long time without the rapid wear phenomena occurring. 
With the same conditions of load, speed, and lubrication for the several 
standard tooth forms the greater sliding action of the longer addendum 
tooth is sufficient to hasten the critical amount of wear necessary to 
precipitate the rapid wear phenomena, and as a result these gears may 
wear more rapidly than the shorter addendum gears. But it does not 
follow that there is any definite relation between the final amount of 
wear and the sliding action. 


26. General Comments on Results—From the foregoing discussion 
it is evident that the tests have dealt very largely with the behavior of 
gear teeth as regards wear, rather than with quantitative determinations 
of such important factors as critical tooth loads, etc. Characteristic 
wear phenomena similar to that shown in this bulletin may be observed 
in actual gear installations which have been in operation for long periods. 
The significance of these observations from actual practice is not only 
that they tend to confirm the results obtained in this investigation, 
but also that such observations indicate that the results from accelerated 
tests, such as were necessary in the laboratory, apparently do not differ 
materially from those obtained under actual operating conditions. In 
most practical gear installations, however, only a visual inspection of 
the wear can be made, and it is well known that a visual inspection will 
not show with any degree of certainty the amount of wear that has 
taken place. As far as the authors know, there are no published data on 
actual gear installations that show the actual amount of wear recorded 
from accurate measurements of the teeth as in the case of the tests re- 
ported in this bulletin. 
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TABLE 6 
TypicaL Errictency Test Data 
(From Gear Set No. 1) 


Erricrency Run No. 16 


Pitch line speed in ft. per min. =94. Lubrication—quantity sufficient to maintain good film applied 
at mesh point. 


Piston 
Pressure Tangential Increase Tangential Efficiency 
Readies Tooth in Scale Tooth Fric- Ww. 
No. Raches Ruger Load, lb. Reading, lb. |tion Load, lb.}| 9 
of sq. in. Wo Ws Ws Wo-+Ws 
Mercury G 

0 0 0 = 

1 3.7 1.82 114.53 0.18 0.93 99.20 

2 5.9 2.90 182.63 0.29 1.50 99.19 

3 7.8 3.83 241.43 0.38 1.96 99.20 

4 9.9 4.86 306.43 0.50 2.58 99.17 

5 12.4 6.99 384.84 0.61 3.15 99.19 

6 14.2 6.97 439.56 0.68 3.51 99.21 

7 16.5 8.11 510.76 0.78 4.03 99.22 

8 18.5 9.09 572.67 0.89 4.60 99.20 

9 20.5 10.10 634.58 1.00 5.17 99.20 
10 22.6 11.08 699.58 110 5.68 99.20 
11 24.8 12.19 767.68 1.24 6.41 99.17 
12 29.0 14.25 897.69 1.52 7.85 99.13 
13 33.9 16.65 1049.37 1.92 9.92 99.06 
14 36.6 17.98 1132.95 2.08 10.75 99.06 
15 40.1 19.70 1238.20 « 2.36 12.19 99.04 
16 43.6 21.42 1346.50 2.56 13.23 99.03 


It should be noted that these tests involve only one combination of 
materials, and that changes in the materials of gear or pinion may have 
a decided influence on wear characteristics. It is believed that the present 
series of tests will serve as a basis for further investigations necessary 
in order to obtain quantitative experimental data for establishing a 
reliable formula, or formulas, which will correlate the wearing qualities 
of a tooth to its size, shape, and composition, under various conditions 
of load, speed, and lubrication. That is, the ultimate aim should be 
not the determination of the amount of wear in a given time or under 
given conditions, but the determination of the limiting conditions for the 
prevention of wear. 
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dent of the quantity of oil used for lubrication provided the quantity 


_ is sufficient to prevent heating and cutting. 


(2) The efficiency is independent of the speed within the range 
covered by this investigation, namely, a pitch line speed of 60 to 
1500 feet per minute. 


(3) The efficiency does not appear to be influenced by the 


obliquity of action. 

(4) For all practical purposes. the efficiency is independent of 
the load transmitted. The value of 99 per cent is suggested for use 
in computations dealing with the efficiency of gears cut in accord- 
ance with good commercial practice. 

(5) Condition of tooth surface is the most important of the 


factors which affect the efficiency of unhardened gears. Gears with 


rough tooth surfaces are less efficient than those in which the tooth 
surfaces have become glazed, but the difference in efficiency is not 
as great as has been commonly assumed. 

(6) When all other conditions are the same, greater sliding 
action causes the longer addendum gears to have a slightly lower 
efficiency than the shorter addendum gears. On the other hand, 
the vibration of the longer addendum gears may, for certain ratios, 
be so much less than that of the shorter addendum gears, as to 
result in a slightly higher efficiency of the long addendum gears. 

(7) The difference in efficiency of the several standard tooth 
forms in common use is so small as to exercise no controlling in- 
fluence on the tooth form to be recommended or adopted for any 
purpose. 


28. Summary of Conclusions on Durability. 


(1) Unhardened steel pinion teeth quickly wear to outlines 
other than true involutes, regardless of load, speed, and lubrica~- 
tion; after this occurs wear practically ceases or is greatly retarded 
under ordinary operating conditions. 

(2) The teeth of cast-iron gears meshing with steel pinions 
fail by crushing of the material in the region of the pitch line. 


27. x isi ek of Conclusions on Efficiency, (Considering peek fay 
Frictior Only) .— 
(1) The efficiency of unhardened gears is practically indepen- 
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(3) The teeth of unhardened steel pinions meshing with cast- — 


iron gears fail by abrasive action which wears off the face of the 
tooth and hollows out the flank, resulting, in general, in a final 
outline of double curvature. 

(4) Lubrication is a very important factor in the life of un- 
hardened gears. Although the quantity of lubricant does not 
materially affect the final change in tooth outline due to wear, it 
postpones the beginning of the rapid wear of both pinion and gear 
and thus greatly prolongs the life of the gears. 

(5) Under the same conditions of load, speed, and lubrication 
the wear increases with greater sliding action, but these tests indi- 
cate that the amount of sliding and the amount of wear are not 
necessarily proportional. 

(6) Combinations of factors or conditions which cause ex- 
cessive vibration have a detrimental effect on the durability of 
gear teeth. 

(7) Surface pressure is the most important of the factors which 
affect durability. Apparently for any pair of gears there is a critical 
surface pressure, governed by the properties of the materials, 
above which the life of gears is short and below which the gears will 
run indefinitely without appreciable wear. 

(8) For unhardened gears under constant load and free from 
impact loads the allowable tooth loads based on the Lewis formula 
for strength are in excess of those permissible for satisfactory dura- 
bility. 

(9) Unhardened gears for constant load transmission should 
be designed on a basis of durability rather than of strength. A 
gear tooth that is durable for a given load will, in general, be amply 
strong. 


APPENDIX A 
FoRMULAS FOR ComPuUTING EFFICIENCY 


The two readings comprising the experimental data which establish 


one point on the efficiency curve are G and W., where 


G = the pressure on the piston in Ib. per sq. in. 


W, = the increase of the scale reading in pounds due to a change in 
pressure on the piston from zero to G lb. per sq. in. (See Figs. 
37 and 38.) 


The expression for efficiency must necessarily be in terms of G, 


W,, and certain constants which depend upon the dimensions of the 
machine. In the analysis it is convenient to use the following notation: 


But 


or 


Q = the total force on the piston in pounds 


W, = the tangential load on one gear at the pitch line correspond- 
ing to the power output expressed in pounds (see Figs. 37 
and 38) 


W; = the loss, or the tangential load expressed in pounds corres- 
ponding to the power loss due to the tooth friction of one 
gear (see Fig. 37) 


w = the angular velocity (in radians per second) of the shaft 
carrying the gears and the loading device 


R = the pitch radius (in inches) of the gear 

r = the radius (in inches) of the helical slots 

p = 40 inches = the pitch of the helical slots 

@ = helix angle of slots in degrees (see Fig. 38) 

Obviously the power output of the gear is W,Rw, in inch pounds. 


Similarly, the power loss must be W;Rw, in inch pounds. 


: Power output W,Rw 
Efficiency = ———_______—_- = —————|_ 
Power output + Power loss W,Rw+ W;Rw 
W, 
Efficiency = ——— (1) 
TW, + Wi, 
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Drive Pulley 
q+ 2 WW, 


Fic. 37. Diagram or Forces Actin on Trstine APPARATUS » 
Se 


Through the action of the rollers in the helical slots (see Fig. 38), 
the force Q produces a twisting moment Qr tan 9 between shafts A and — 
B; and the action of the gears on the wide-faced pinion results in a 
co corresponding resisting moment W,R. For equilibrium ; 


M3 40 X 
’ W,R = Qr tan 6 = 9 
2a 


? 


since tan @ = te and p = 40 inches. 
2ur 


Therefore 


WG We 


Fig. 38. Dracram or Forces Actine on Test Gears 
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The dimensions of the Lewis machine are 


EMIAINGOED OL PASEO beans occ scne wi acssa acs cow os 11 inches 
DDIBRIGUEL OF TUNWON, POO 6c Pads oo no vs ote cen a steands 23% «= * 
BRM OCHS HUNUS ei 8s dina a Cam drains nos bas 40 “ 
Pitch radius of 72-tooth gear... “2... 0... ssc lca c ccs Mea 
Pitch radius of 18-tooth pinion..................... 24% “ 
Pitch radius-of 12-tooth pinion. «..: <5. 2.0600 es 1% “ 
Length of lever arm Oa, Fig. 37, 

Ore S-LOObn pinion fee) fees ne ee 234 “ 

Orel 2-cOOua PINION =< .5. eee ee ee hoe 221% “ 


Hence the total force, when applied to the plain side of the piston, 
is expressed by 


_ 7 x (11)? xG 


. 4 


and 
40 Nl (11)?G 


= = O%.222 G 
27 x9 


g 


When the pressure is applied to the rod side of the piston 


a eaAg™ 5 FIAD? = (234) g _ 63.028 G 
25 9 4 


g 


Since there are two pairs of gears, W, is a scale reading resulting 
from the losses of both pairs of gears. Assuming* the losses of the two 
pairs of gears to be equal, moments about O, Fig. 37, give for a single 
pair of gears consisting of an 18-tooth pinion meshing with a 72-tooth 
gear 


2.25 Wy = 23.25 sor W; = 5.167 W, 


and for a single pair of gears consisting of a 12-tooth pinion meshing 
with a 72-tooth gear 


1.5 Wy = 22.5 0 , or W; = 7.5 W, 


*This assumption is made because the two gears are unequal in width. In view of the small differ- 
ence in widths, it seems a reasonable one before much wear has occurred on the test gear. 
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Substituting the values of W, and W; in equation (1) the equations 
for efficiency are: 


for an 18-tooth pinion meshing with a 72-tooth gear and the pressure 
on the plain side of the piston, 


67.222 G 


ey (2) 
67.222 G + 5.167 W, 


Efficiency = 
for an 18-tooth pinion meshing with a 72-tooth gear and the pres- 
sure on the rod side of the piston 


63.028 G 


mia ee (3) 
63.028 G + 5.167 W. 


Efficiency = 
for a 12-tooth pinion meshing with a 72-tooth gear and the pressure 
on the plain side of the piston 


67.222 G 


ee ee (4) 
67.222G + 7.5 W, 


Efficiency = 
and for a 12-tooth pinion meshing with a 72-tooth gear and the 
pressure on the rod side of the piston 


63.028 G 


Efficiency = ——_—____——__ 
63.028 G + 7.5 W, 


(5) 


APPENDIX B 


i” 

: 

; HistoricaL REVIEW OF THE PrRinciPaL INVESTIGATIONS ON THE EFFI- 
: CIENCY, DURABILITY, AND STRENGTH OF TOOTHED GEARS 


1. General Statement.—The investigations which are briefly dis- 

_ cussed in the following pages are characteristic of the work done in this 
| field and have been chosen as the most representative. 
| 
/ 2. Efficiency Investigations of Wilfred Lewis—In 1886 Wilfred 
_ Lewis** reported the results of an extensive series of tests made by 
Wm. Sellers and Co. to determine the efficiency of the more common 
forms of gearing, namely, worm, spiral, and spur. A dynamometer was 
used to measure the power received by the worm or pinion shaft, and a 
brake to measure the power delivered to the wheel shaft. These two 
elements in their proper relation to the gearing to be tested constituted 
the principal part of the apparatus employed. In these tests, which were 
very largely confined to worm gearing, an attempt was made to measure 
the friction loss between the teeth of spur gears, but the apparatus was 
not sensitive enough for the purpose and the errors introduced were 
therefore relatively excessive. The results obtained indicated a range in 
efficiency of from 86 to 99 per cent for a good pair of cut spur gears 
under average conditions. 

Soon after the publication of the Sellers experiments Professor 
J. Burkitt Webb of the Stevens Institute of Technology suggested to 
Mr. Lewis® the possibility of dividing one of the pair of spur gears to be 
tested so as to make the load on the teeth self-contained. Accordingly 
a testing machine was eventually designed and built which embodied 
this idea, making it possible to run gears under heavy loads at high 
speeds with a very small consumption of power; this eliminated brake 
resistance which Mr. Lewis had found particularly difficult to stabilize. 
It was proposed by the Committee on Standards for Involute Gears,*° 
of which Mr. Lewis was chairman, to use this apparatus in measuring 
the friction losses in gear teeth and also in studying the effect of wear. 

An investigation with this apparatus was finally undertaken in 
1910 by Messrs. Green and Doble, students in the Massachusetts 
Institute of Technology, as the subject matter for a thesis, under the 
direction of Professor Gaetano Lanza. Tests were made to determine 


*The small figures used in this section refer to the reference numbers given in the Bibliography 
in Appendix C. 
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friction losses in gear teeth cut to various proportions. As far as the 


present authors are aware the final results of these tests have not — 


appeared in the technical press, but from a preliminary report of 
the tests which Mr. Lewis had available in 1910 he deduced some 
values for the friction of gear teeth which may be summed up as follows: 
| (1) 20-degree stub teeth with addendum about 0.24 of the 
circular pitch showed less than one per cent of friction loss in the 
teeth. 

(2) 2214-degree teeth with addendum about 0.28 of the cir- 
cular pitch showed about one per cent of friction loss. 

(3) Brown and Sharpe 14/4-degree teeth with addendum 
about 0.32 of the circular pitch showed about 1.3 per cent of friction 
loss. 

(4) Bilgram special 15-degree teeth (long and short addendum, 
proportions not given) showed over 2 per cent of friction loss. 

(5) The friction loss in gear teeth is influenced to a greater 
extent by the length of the addendum than by the angle of obliquity 
of the system. 

(6) In no instance is the friction loss of sufficient magnitude to 
exercise a controlling influence upon the type of gear tooth to be 
recommended or adopted. 

In 1913 the Committee** on Standards for Involute Gears pre- 
sented a report of further experiments on the friction losses in gear 
teeth in which the same apparatus, with some modifications and im- 
provements, was employed. The tests were conducted at the Massa- 
chusetts Institute of Technology by H. 8. Waite, under the supervision 
of Professor Lanza, and in Philadelphia by Everett St. John at the plant 
of the Tabor Manufacturing Company under the direction of Mr. Lewis. 
The results of these tests showed that under ordinary working condi- 
tions the friction loss between the teeth of cut gears and pinions seldom 
exceeds one or two per cent of the power transmitted and is practically 
independent of the obliquity of action, the influence of addendum being 
the dominant cause of friction; this practically confirms the conclusions 
drawn from the previous experiments of Messrs. Green and Doble. 

The machine used in making these tests had certain faults, particu- 
larly in regard to the matter of making reliable determinations of the 
frictional losses in the bearings of the test gears. This led to the later 
and improved design, known as the Lewis Machine, built in 1916 for 


the University of Illinois and employed in obtaining the results published 
in this bulletin. 


| 
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3. Efficiency Investigation by Reuleaux—In 1887 Professor F. 
Reuleaux® published the results of a mathematical investigation re- 


_ lating to the friction of teeth in spur and bevel gearing. Geometrical 
and analytical investigations of tooth friction for cycloidal and involute 
gears were made, formulas were developed for the work of friction, and 


numerical applications of the formulas given to enable a comparison 
to be made between the two systems of gearing as regards friction. 
‘Theoretical relations between friction and wear of teeth were deduced 
and certain conclusions were drawn, one of which was that the work of 
friction is greater with the pclae than with the cycloidal form of 


| tooth. 


In discussions of Reuleaux’ paper by Wilfred Lewis and others® 


this conclusion and some of the others drawn by Reuleaux were chal- 
_lenged on the basis of other methods of computation which were 


claimed to be more exact, and which led to conclusions precisely oppo- 
site to those of Reuleaux. 


4. Efficiency Investigation by Lanza.—In 1888 Professor Gaetano 
Lanza’ published the results of a mathematical investigation under- 
taken for the purpose of throwing light on the conflicting conclusions of 
Reuleaux, Lewis, and others.* Professor Lanza claimed that the con- 
clusions of Reuleaux and also those of his opponents were based on 
purely theoretical grounds and that all their solutions were approxi- 
mate. He further asserted that all previous investigations within his 
knowledge, including those of Rankine, Herrmann, and Mosely were 
only appoximations; and that, although the reasoning in his own pre- 
sentation was upon a purely theoretical basis, no approximations had 
been made in the deduction of formulas for the work lost in friction and 
the consequent efficiency of the gears when the friction of the journals 
in their bearings was not taken into account. 

Professor Lanza then discussed the assumptions on which his 
formulas were based, and after deducing formulas for the efficiency of 
gears gave numerical efficiencies that he had computed for certain 
cases of cycloidal and involute teeth. The following is a brief summary 
of his conclusions: 

(1) Whether the cycloidal or involute tooth is the more efficient 
depends upon the proportions used for each. 
(2) The efficiency of involute gears is not, as claimed by G. B. 

Grant? and others, independent of the obliquity. 
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(3) The differences in certain efficiencies (examples referred 
to in his paper) as computed from the formulas are so small that — 
they could be easily masked by several indeterminate factors. 

(4) The question of efficiency can be correctly answered only 
by experiment. 
In an extended discussion of Lanza’s paper by Professor J. Burkitt — 

Webb, Wilfred Lewis, and others’ some decided exceptions were taken 
to his mathematical treatment of the subject and the general theories 
pretaining to friction and wear e gear teeth were analyzed and dis- 
cussed at length. 


5. Lasche’s Investigations on Durability—In 1899 O. Lasche'® 
published his investigations dealing with the conditions that affect the 
durability of toothed gearing. In order to understand more clearly 
what occurs at the line of contact between the tooth profiles, Lasche 
investigated the variations in the amount of sliding at the different 
parts of the tooth profile and from this developed a ‘‘wear character- 
istic’ which is dependent upon the contact pressure and amount of 
sliding between contiguous teeth. As these quantities vary at each line 
of contact the wear characteristic, which is represented in the form of a 
curve, shows why the rate of wear is found to vary over different por- 
tions of the working surfaces. This wear characteristic, however, is 
only relative or qualitative as regards the amount of wear to be ex- 
pected. The exact quantities depend upon many varying factors such 
as elasticity of the materials, lubrication, and conditions of the working 
surfaces. 

In Lasche’s original paper formulas are presented and tables of 
actual examples from practice and experiment are given to enable 
suitable values to be placed upon the factors considered when esti- 
mating suitable proportions to resist wear. Lasche’s investigations show 
clearly that durability depends upon accuracy of construction as 
much as upon correctness of design and stability of materials used. 


6. Investigation of Friction and Wear by Karl Biichner—In 1902 
Karl Biichner'® published the results of a mathematical investigation 
of the relation between friction, pressure, surface, and wear of spur 
gearing. It is pointed out that the minute surfaces involved at the be- 
ginning and end of contact cannot carry as much load as the more ample 
surfaces near the pitch point; hence the wear will quickly remove ma- 
terial from the points and roots of the teeth and leave the bulk of the 
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load to be transmitted by the teeth in contact near the ehh point. 
Biichner claims that on this account involute teeth tend to wear to 
approximately cycloidal shapes when in use. 


1. Efficiency Tests on Cast Teeth by W. M. Wilson—In 1905 
efficiency tests were made by W. M. Wilson” on two pairs of gray iron 
spur gears with machine moulded teeth. The first series of tests was 
made with a pair of equal standard involute gears having 20 teeth and 
a circular pitch of 114 inches. With the gears lubricated, the tangential 
force at the pitch line varying from 194 to 583 pounds, and speeds vary- 
ing from 80 to 209 r.p.m., the efficiency of the gears alone varied from 

92.6 to 98 per cent. With the gears not lubricated and running under 
similar conditions of loads and speeds, the efficiency of the gears alone 
varied from 91.5 to 94.8 per cent. 
The second series of tests was made with a pair of special involute 
_ gears having 16 and 50 teeth respectively and a 14-inch circular pitch. 
_ The gears were made with extra long addendum teeth and various pres- 

sure angles were obtained by adjusting the center distances. When 

_ these gears were lubricated and operated under conditions of loads and 

speeds within the range covered by the first series of tests the efficiency 
varied from 90.5 to 92.3 per cent. Although these values are considered 
as representing the friction losses of the teeth alone, it should be noted 
_ that they include the friction losses in the journals of the driven gear. 
The conclusions drawn from these tests were given as follows: 
(1) The efficiency of rough gray iron spur gears is independent 
of the speed of the gears within the range covered by these tests. 
(2) There is no indication from the limited number of tests 
that the amount of power transmitted affects the efficiency to any 
great extent. 
(3) The use of heavy grease on the teeth increases the efficiency 
slightly (average from tests, 1.7 per cent). 


8. Efficiency Tests on Various Cut Gears by G. E. Quick.—In Quick’s 
paper ”° the results are given of tests made at different times during & 
period of two years (1908-1909) on automobile spur, bevel, worm, and 
crown gears, for the purpose of determining the efficiency of transmission. 
The spur and bevel gears were tested without any special transmission 
dynamometer, but merely by means of an electric motor specially 
equipped and calibrated for the purpose. The spur and bevel gears were 
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tested with the different ratios and with the loads and speeds com- 
monly found in the transmission and rear axle. The author gave char- — 
acteristic curves, one of which is shown in Fig. 39, and claimed that the 
mechanical losses recorded were almost entirely distributed between the _ 
two pairs of gears being tested, since all of the bearings were of the ball 
type. In the case of two spur gears the efficiency given ranged from 83 
per cent at low speeds (about 100 r.p.m.) to 95 per cent at high speeds 
(about 1500 r.p.m.). It is apparent that a considerable proportion of the 
friction loss was due to sources other than tooth friction, and therefore 
the results are subject to the criticism that they do not represent tooth 
friction alone. 


9. Efficiency Investigation by Wm. H. Kenerson—In 1912 Wm. 
H. Kenerson*‘ reported a series of tests on the efficiency of worm 
gearing made at the plant of the Brown and Sharpe Manufacturing Co. 
for the purpose of determining the efficiency of three types of worm 
gearing for use in an automobile transmission system and the heating 
effect due to continuous running. In connection with these tests a 
series of trials was made on a pair of case hardened bevel gears of 5 
pitch, 14 teeth in the pinion and 52 teeth in the gear. The efficiency of 
the pair of bevel gears was found to range from 91.4 to 99.3 per cent 
under varying loads and speeds as shown in Fig. 40. It is evident, 
however, that the friction losses used in calculating these efficiencies 
included bearing friction under the full loads transmitted, and therefore 
these values cannot be considered to represent the efficiencies of the 
gear teeth alone. 
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10. Efficeency Investigation by Allen and Roys.—In 1918 Allen 
and Roys reported the results of an investigation of the efficiency of gear 
drives made in the mechanical engineering laboratories of the Worcester 
Polytechnic Institute. In the apparatus used an electric motor was so 
suspended in a cradle that both its armature and field were free to turn. 
The armature shaft was connected directly to a pinion gear shaft and the 
driven shaft directly to an Alden absorption dynamometer. The 
reaction of the motor field was balanced by the action of the dynamom- 
eter through a simple lever the arms of which were accurately propor- 
tioned to the ratio of the gears. Although this paper only described 
tests on bevel and worm-gear drives it was claimed that the method was 
applicable to all types of gears. 

The bevel gears tested were made of 5 per cent nickel steel, case 
hardened, 5 pitch, 114-inch face. The gears were cut by the Brown and 
Sharpe Manufacturing Co., and mounted on ball bearings especially 
designed for testing purposes. The efficiency curves for the bevel gears 
are shown in Fig. 41. Since bevel gears are essentially the same as spur 
gears in their friction analysis, these curves also indicate the results to 
be expected from spur gears tested under the same conditions. The 
efficiencies given for the bevel gears were evidently computed from the 
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total frictional losses recorded, which included the frictional resistance 
of the machine as well as that of the teeth. When a small amount of 
power is transmitted the machine friction becomes very large as com- 
pared with the tooth friction, and this fact evidently accounts for the 
tendency of the efficiency curve in Fig. 41 to drop toward zero. 


11. Discussion of Spur Gear Erosion by F. W. Lanchester——In a 
paper presented in 1921, F. W. Lanchester®* summed up the results 
of his observations and experiences on the subject of spur gear erosion. 
He showed that there are decided limitations to the conditions under 


which it is desirable to make use of rolling rather than sliding contact, — 


and demonstrated certain difficulties which are liable to be associated 
with rolling conditions. Some cases of the behavior of worm gearing 
were cited to illustrate the fact that a high rubbing velocity is not 
necessarily associated with a low efficiency when the conditions of lubri- 
cation are taken into account. The high water mark of efficiency in 
worm gearing was shown to be 97 per cent, although such high efficiency 
was not generally credited by engineers until the publication of the 
results obtained with the Daimler-Lanchester dynamometer installed 
at the National Physical Laboratory, the certified accuracy of which is 
within one fifth of one per cent of the truth. 

Lanchester referred to the characteristic form of failure of spur 
gears in which there is a complete breakdown of the tooth in the region 
of the pitch line and then made an analysis of conditions, and offered 
an explanation of this method of failure. It was claimed that the failure 
at the pitch line is very largely due to the very low rubbing velocity at 
that point. To avoid this condition of failure he suggested the em- 
ployment of materials which are not prone to seizure, or else a steel of 
high carbon percentage in conjunction with a glass hard surface. 


—— 
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: 12. Investigation of Wear on Automobile Gear Steels by EH. R. Ross.— 
In 1921, E. R. Ross® of the Warner Gear Co. reported the results of a 
series of tests made to determine the materials best suited for the purpose 
of automobile transmission gearing, the selection being on the basis of 
‘resistance to wear. 
In these tests standard transmissions were used having 8 pitch gears 
with 34-inch face running in a standard grade of heavy transmission oil. 
_ The transmission was mounted on a testing stand bétween two Sprague 
: dynamometers, the one acting as a source of power to the transmission, 
the other absorbing the power transmitted. The entire arrangement was 
provided with suitable means for measuring the power corresponding to 
torque and speed and the amount of power lost in friction. In order to 
determine accurately the amount of wear a tooth profile a was 
developed for the purpose. 
Tests were made on various grades of automobile gear steels which 
had been subjected to a variety of heat treatments. A study of the im- 
portance of correct tooth outlines was also made by using new and 
worn cutters in forming the teeth to be tested. It should be noted that 
the gears were subjected to overloads considerably beyond anything to 
which they would be subjected in actual service; this was found neces- 
sary in order to secure a measurable amount of wear in a reasonable 
period of time. The results of the series of tests may be summed up as 
follows: 

(1) For the same carbon content the variations in alloy com- 
position have much less to do with wear than the variation in hard- 
ness. 

(2) Correctness of tooth outlines is an important factor in the 
durability of any pair of gears. 

(3) The greatest wear occurs in the region of the pitch line, 
beginning a little below the pitch circle and travelling progressively 
up the tooth. When once this wear has set in it progressively grows 
in intensity. 

(4) The average mechanical efficiency for the tests was 98.7 
per cent, with a maximum of 98.9 per cent. 

(5) It is recommended that steel for heat treated gears possess 
a minimum carbon content of 0.45 per cent, be capable of being 
heat treated to obtain a Scleroscope hardness of 75 or over without 
brittleness, and that the specification limits of the analysis be close 
enough to insure uniform results from a standard heat treatment. 


ce 
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13. Gearing Calculations by the Compressive Stress Method.—All — 
formulas in current use for calculating gear teeth are based on the © 


breaking strength of the teeth. In 1920-22, Jandasek®® ® 7% presented 


numerous formulas, diagrams, and calculations to show that the capacity — 


of gears cannot be accurately determined by the bending stress method, 
because bending stresses are not a true measure of wearing qualities; 
and maximum surface pressure, or compressive stress, must be considered 
if the rate of wear of the teeth is to be kept within proper limits. 

He first reviewed at length the method of calculating the strength 
of gear teeth by the Lewis formula and then proceeded to develop the 
compressive stress method. In order to calculate the maximum com- 
pression he began with the theory of compression between elastic bodies 
with curved surfaces, then discussed the solution of the problem of sur- 
face stresses and developed formulas from which the capacity of the 
various types of gears in use could be calculated. He then selected 
various practical examples of gearing and compared the capacity as 
computed by the bending stress method with that computed by the 
compressive stress method. 

According to Jandasek low bending stresses are no safeguard 
against excessive wear; quite frequently a few gears of a set wear out 
while the rest stand up well, yet all were calculated to work at the same 
bending stress. This occurrence, however, can be explained very simply. 
The pitch of the teeth is calculated to be sufficiently great to prevent 
failure due to bending, but a coarse pitch does not help to resist the 
crushing of the material on the tooth surface. For a given case the 
amount of wear will depend upon the unit pressure between the teeth, 
which depends on the total load transmitted and the area of tooth 
contact; the area of tooth contact, again, is determined by the diameter 
and face width of the gear. Resistance to wear depends on the unit 
pressure that the material can withstand, this in turn depends on the 
ultimate strength which is closely proportional to the hardness. How- 
ever, surface hardness alone is not an absolute measure of the resistance 
to wear; the toughness and the friction coefficient of the gear material 
must also be taken into account. Though it is true that the greater 
the sliding action, the greater the wear, still the amount of wear and the 
amount of sliding are not proportional. Apparently there is a certain 
critical value of the surface pressure for a given hardness, toughness, and 
friction coefficient, above which the wear increases very rapidly, greatly 
shortening the life of the gears. On the other hand, when the unit 
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pressure is kept below this critical value the gears stand up well and 
have a long life. Consequently, the author concludes that it is not the 
amount of wear in a definite time that should be determined but the 
limit of pressure. 


14. Review of Investigations on the Strength of Gear Teeth.—In 1892 
Wilfred Lewis* made an investigation of the strength of gear teeth based 
upon tooth forms in common use, and obtained a formiula for strength 
in terms of pitch, width of face, number of teeth, and working stress, 
now well known as the ‘‘Lewis Formula’”’ for the strength of gear teeth. 
Although the investigation was theoretical rather than experimental 
in character, Lewis’ paper is still generally acknowledged as the standard 
work of reference on the subject. In the application of the formula 
developed, the safe working stress allowable in any given case is left to 


_ the judgment of the designer. Contrary to an erroneous impression 
_ which has prevailed, Mr. Lewis did not specify a definite range of stresses 


to be used. As a guide, however, he suggested 8000 Ibs. per sq. in. as a 
safe working stress for cast-iron and 20 000 lb. per sq. in. for steel. 
These values were for static conditions or for gears running at slow speed 
without shock; but it was recognized that the safe working load was re- 
lated in some way to the perfection attained in forming and spacing the 
teeth and to the speed. 

The suggested allowable stresses and Lewis’ method of taking care 
of the speed factor were based on some data first published by E. R. 
Walker in 1868, and later embodied in a paper by J. H. Cooper.! Walker 
appears to have made the first attempt to take into account the effect 
of speed on strength of gear teeth and to adopt safety factors. These 
factors varied all the way from 3 for very slow speeds without shock 
to 14 for a speed of 2400 ft. per minute. Apparently it is not known how 
these values were determined and they were reluctantly and tentatively 
made use of by Lewis because nothing more authoritative than Walker’s 
rules could be found. 

A modification of Lewis’ method was suggested later by Carl 
Barth, in which the safe working stress for static conditions for the 
materials of which the gears are made is reduced as the velocity is in- 
creased. This is embodied in what is known as the “Barth Formula,”’ 
so commonly used in connection with the ‘Lewis Formula” for strength. 
The Barth formula, however, is not considered satisfactory for very 
high circumferential speeds because it has since been found that stresses 
due to impact increase not directly with the speed but as the square of 


the pitch line velocity. 
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Other modifications similar to that made by Barth have been ~— 
suggested from time to time for the speed factor in the Lewis formula, 
but the first attempt at an analytical solution of the effect of pitch line 
velocity on the strength of gear teeth appears to have been made by 
Oscar Lasche.!* While recognizing the importance of the part played by 
resilience in iron and steel and the somewhat plastic deformations in 
such materials as rawhide and hard wood to absorb shock and reduce the 
increment load arising from irregularities in forming and spacing the 
teeth, Lasche pointed to the tremendous influence of velocity on the 
detrimental effect of errors in pitch or form, and showed that rigid 
forms in rolling contact would cause increment loads proportional to 
the square of the speed. 

In 1912, a very elaborate experimental investigation was made by 
Professor Guido H. Marx*> of Stanford University and supplemented 
by Professor Marx and Cutter*® in 1914, in which gears were broken 
under various loads, with speeds ranging from 0 to 2000 feet per minute. 
The results of these tests are shown in Fig. 42 in comparison with those 
of Walker and Lasche. The curves are entirely different in character; 
the Walker curve, which Lewis adopted tentatively in 1892, and that of 
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Marx run toward the base line as an asymtote, while the Lasche curve 
Intersects the base line and puts a definite limit to the speed, depending 
upon the allowable static load and the accuracy in construction of the 
teeth. In comparing the results of these investigations it is evident that 
_ their divergence is in no small degree due to the improvement in ma- 
/ terial and in the art of gear cutting during the long period over which 
the different investigations extended. 
} In 1924 another series of tests was undertaken at Stanford Uni- 
_sity®’ at the instance of Professor Marx to determine the effect of in- 
accuracy of spacing on the strength of gear teeth. The apparatus 
employed by Professors Marx and Cutter in 1914 was overhauled and 
used in these tests. The gears tested were all 10 diametral pitch, 60 
teeth, cast-iron, 1414-deg. involute type, 11/¢-inch face, and were fur- . 
nished by the Pratt and Whitney Company. The gears were divided 
into three classes, according to the accuracy of spacing, the error of 
spacing being as follows: 
Maag gears, from 0.0005 to 0.001 in. 
Ordinary milled gears, + 0.002 in. 
Mismated milled gears, + 0.006 in. 
The summarized conclusions of the authors are quoted as follows: 
““(1) These tests show that inaccuracy of spacing of gear teeth 
materially affects their carrying capacity, particularly at speeds 
of 1000 ft. per min. and upward. Broadly, it may be said that at 
such speeds gears whose inaccuracies of spacing do not exceed 
0.001 in. will carry twice the load of those having inaccuracies of 
0.006 in.; and that the strength of gears having inaccuracies of the 
order of 0.002 in. is just about half-way between the two. An error 
of 0.006 in. on this size of tooth was the extreme that the makers 
were willing to provide, and is much more than will ordinarily be 
found in first-class commercial cut gears.” 
“(2) It is to be noted that although the strength ratio of the 
most accurately to the most inaccurately cut gears is two to one 
(at a speed of 2000 ft. per min.), this is by no means as great a 
difference as some writers had expected to be shown. ~ 
In 1921 Wilfred Lewis’® §* 4 8° proposed to the General Research 
Committee of the American Society of Mechanical Engineers the 
development and construction of a new machine for testing the strength 
of gear teeth, with the result that a special committee on research was 
organized. Mr. Lewis was made chairman, and a systematic study of 
the question was begun. The primary purpose of the machine is the 
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determination of the effect of varying degrees of tooth accuracy and 
varying velocities on the strength of gear teeth. The information thus 
gained is considered essential to the solution of wear and noise problems. 

Originally Mr. Lewis believed that the only way to ascertain the 
effect of speed on strength was to run the gears to destruction on the 
lines followed by Professor Marx, and in view of the power necessary to 
break heavy gears at high speeds, he designed the gear testing machine 
built for the University of Illinois in 1916 and used in the present in- 
vestigation. Now, however, Mr. Lewis is of the opinion that breaking 
tests are misleading, for the reason that when a gear is broken under 
any given conditions as to load and speed, it becomes impossible to say 
what that gear would have shown under some other conditions. 

The new machine proposed by Mr. Lewis may therefore be con- 
sidered as representing a further development of his earlier gear testers 
with several important suggestions made by others interested incor- 
porated in the final design. Through the special research committee 
sufficient funds were obtained for building the machine and for pro- 
ceeding with the investigation. The machine was completed by the 
Bilgram Machine Co. of Philadelphia, November 1924, and arrange- 
ments have been made to conduct the tests at the Massachusetts In- 
stitute of Technology. It is anticipated that the proposed investigation 
will afford an unusual opportunity for studying the irregularities of gear 
teeth not only in their effect upon strength but also in their closely 
related effect upon noise. It is also claimed that the machine is well 
adapted to tests of endurance, thus making it possible to note the effect 
of friction and wear as the tests proceed. 

A new method of attacking the problem of the strength of gear 
teeth and a decided departure from the method hitherto employed, 
was recently proposed in a paper presented at the Annual Meeting of 
the American Society of Mechanical Engineers, December 4 to 7, 1922, 
by Paul Heymans and A. L. Kimball.*! This paper embodies the results 
of a general scientific study undertaken by the General Electric Company 
for the development of superior electric-railway motor pinions, in which 
the photo-elastic method of determining stress distribution is employed. 
Attention is called to the comparative ease with which such stresses as 
occur in gear teeth can be investigated by the photo-elastic method, 
and more general use of this method is advocated. 
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15. General Remarks.—From this review of the theoretical and 


_ experimental work of many investigators it is evident that a great deal 


of controversy has existed in regard to the friction and wear of gear 
teeth. No thorough investigation has yet been made of the efficiency 
and durability of gear teeth and very little information of any sort has 
been published. 

All the experimental data heretofore available with respect to the 


friction of gear teeth are subject to the criticism that journal friction 


materially affected the results, especially where a dynamometer was 
used to absorb the power transmitted. It is well known that experi- 
ments in friction are elusive and difficult to repeat with precision when 
a dynamometer is used because brake resistance is particularly difficult 
to stabilize. For this reason it is the opinion of the authors that the re- 
sults on efficiency reported in this bulletin obtained from the Lewis 


‘machine, with its self-contained loading device, represent the most 


successful attempt yet made to determine the friction losses in gear 
teeth. 

Quantitative experimental data and theoretical discussions on wear 
have received even less attention than the subject of efficiency, appar- 
ently because of the time required and the expense involved. As far as 
the authors have been able to determine the data in this bulletin are 
the first to be published on an extended series of durability tests. 


APPENDIX C 


BIBLIOGRAPHY ON ErFicreENcy, DURABILITY,, AND STRENGTH 
oF GraR TEETH 


1. General Statement.—This bibliography is largely confined to 
references on efficiency, durability, and strength of spur, bevel, and 
worm gearing. Although the question of strength has not been con- 
sidered in this bulletin, it is involved in many discussions of its closely 
related factors, efficiency and durability. Some other references to 
important articles of an allied nature are also included, as well as a few 
references describing instruments and apparatus used in gear testing. 


2. Abbreviations of Titles of Periodicals——The titles of various 
periodicals have been abbreviated when quoted in the bibliography; 
therefore the following reference table of abbreviations and full titles 
is given. s 


Am. Mach.—American Machinist 

Aut. Ind.—Automotive Industries 

Eng. News—Engineering News 

Engng.—Engineering 

Eng. and Ind. Mgt.—Engineering and Industrial Management 

Ind. Engng.—Industrial Engineering 

Jour. A.S.M.E.—Journal of American Society of Mechanical Engineers 
Jour. Fkl. Inst.—Journal of the Franklin Institute 

Jour. S.A.E.—Journal of the Society of Automotive Engineers 

Mach. N. Y.—Machinery, New York 

Mach. Lon.—Machinery, London 

Mech. Engng.—Mechanical Engineering 

Pract. Engr.—Practical Engineer 

Proc. Eng. Club Phila.—Proceedings of Engineers Club of Philadelphia 
Proc. Inst. C. E.—Proceedings of Institution of Civil Engineers 

Proc. Inst. M.E.—Proceedings of Institution of Mechanical Engineers 
Soc. of Engrs.—Society of Engineers 

St. Ry. Jour.—Street Railway Journal 

Trans. A.S.M.E.—Transactions of American Society of Mechanical Engineers 
Zeit. V.D.I.—Zeitschrift der Verein deutscher Ingenieure 
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1886. 


1886 


- 1887 


1888 


1892 


CoB Gant 


C. A. Smith » 


Wilfred Lewis 


F. Reuleaux 


Gaetano Lanza 


B. P. Flint 


ON SPUR GEARS 


Trriz, REFERENCE AND DescrIPTIVE ABSTRACT 


“Power Transmitting Mechanism. ”Jour. Fkl. 


Inst., v. 108, pp. 1-17. 
Discusses the existing formulas for the 
strength of gear teeth and quotes from a 
paper published by E. R. Walker in 1868. 


‘ 
“A New Odontograph.” Jour. Fkl. Inst., v. 113, 
pp. 1-14. 
Discusses the relative distribution of wear 
on cycloidal and involute teeth. 


“Efficiency of Gear Teeth.” Am. wes v. 8, 
Dec. 26, 1885, pp. 2-3. 

Considers the curves for working surfaces 

of gear teeth and shows the involute to be 

superior to the cycloidal tooth for efficiency. 


“Efficiency of Gear Teeth.”” Am. Mach., v. 9, 
May 1, 1886, p. 4. 
A criticism of Grant’s article in v. 8 of 
Am. Mach. 


“Experiments on the Transmission of Power by 
Gearing.” Trans. A.S.M.E., v. 7, pp. 273-310. 
A discussion of experiments made to ascer- 
tain the speeds and pressures liable to cause 
cutting; also tests and calculations for 
efficiency. 


“Friction and Wear in Toothed Gearing.” 
Trans. A.S.M.E., v. 8, pp. 45-85. 
Analytical and geometrical investigation 
of friction and wear in cycloidal and involute 
gearing. 


“Friction in Toothed Gearing.” Trans. A.S.M. 
E., v. 9, pp. 185-227. 
Analytical investigation of friction and 
wear in cycloidal and involute gearing, and 
criticism of paper by Reuleaux in v. 8. 


‘Experiments on the Efficiency of Worm Gear- 
ing.” Eng. News, v. 27, p. 348. 
Description of apparatus and diagrams of 
efficiencies of worm gears used in milling 
machines. 
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10 


11 


12 


13 


14 


1894 


1898 


1898 


1899 


AUTHOR 


Wilfred Lewis 


R. Stribeck 


M. L. Lecornu 


G. B. Grant 


O. Lasche 


1900 R. A. Bruce 


Tire, REFERENCE AND DESCRIPTIVE ABSTRACT 


“Investigation of the Strength of Gear Teeth.” 
Proc. Eng. Club Phila., v. 10; also Am. Mach., 
v. 16, May 4, pp. 3-4. . 

The author presents the method which 
has been almost universally adopted for 
calculating the strength of gear teeth. His 
investigation was the first to take into con- 
sideration the form of the tooth profiles. 


“Berechnung der Zahnrader.” (The Calcu- 
lation of Toothed Gears.) Zeit. V.D.I., v. 38, 
pp. 1182-87. 

Practical formulas for calculation, taking 
into account in a rational way the friction be- 
tween the teeth, besides the strength of the 
teeth. 


“Les Engrenages.”” Revue de Mécanique, v. 2, 
pp. 24-42. 
Toothed gearing in England and America; 
line of action, form of teeth, efficiency, 
strength, ete. 


“A Treatise on Gear Wheels.” 8th Ed. 
Discusses various tooth shapes and strong- 
ly recommends the universal adoption of the 
involute. 


“Elektrischer Antrieb mittels Zahnradiiber- 

tragung.” (Electric Drive by Toothed Gear- 
ing.) Zeit. V.D.I., v. 43, p. 1417-22, 1487-93, 
1528-33, 1563-69. 

A valuable series of articles dealing with 
the conditions that affect the durability of 
toothed gearing. Influence of the form of the 
tooth upon wear. Conditions of durability 
in electric tramway service are considered. 


“The Strength of Gear Teeth.”” Am. Mach., 
v. 23, pt. 1, pp. 517-19. 
An investigation based on equations given 
in paper by Wilfred Lewis. 
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No. | YEAR AUTHOR TiTLE, REFERENCE AND DESCRIPTIVE ABSTRACT 
- > 
ie 15 1901 | R. A. Bruce “Some Reasons for Increasing the Obliquity of 
: Involute Teeth.” Am. Mach., v. 24, pt. 2, 
j pp. 1140-44. 


Discusses the increased strength of teeth 
as the obliquity is augmented, showing that 
the efficiency and wearing qualities of the 
teeth are improved. 


16 1901 | R.A. Bruce “Considerations Affecting the Height of Gear 
Teeth.” Am. Mach., v. 24, pt. 2, pp. 1269-73. 
Gives results of large number of calcula- 
tions from formulas, and shows the import- 
ance of the increase of strength which at- 
tends any shortening of the normal adden- 
dum. 


iW 1901 Wilfred Lewis “Interchangeable Gearing.” Proc. Eng. Club 
Phila., v. 18, pp. 51-60; also Am. Mach., v. 24, 
pt. 1, pp. 218-19. 

Advocating the general use of the involute 
system with an obliquity of 2214 deg. to 
avoid interference in low numbered pinions. 
Paper is discussed by E. Graves and others. 


18 1902 | R. A. Bruce “Wear of Gear Teeth.” Pract. Engr., v. 25, 
pp. 12-15. 

Compares relative wear of different por- 
tions of profile and relative amounts of wear 
that may be expected under assumed con- 
ditions on teeth with each of the standard 
profiles. 


19 1902 | Karl Biichner “Beitrag zur Kenntnis der Abnutzungs und 
Reibungsverhaltnisse der Stirnzahnrider.” 
(Wear and Friction of Spur Gearing.) Zeit. 
V.D.I., v. 46, pp. 159-66, 278-84. 
Mathematical discussion of relation be- 
tween friction, pressure, surface, and wear. 


20 1902 | Wilfred Lewis “The Strength of Shrouded Gear Teeth.” Am. 
Mach., v. 25, pt. 1, pp. 145-47. 

A report of investigations which seem to 
indicate that from one-fourth to one-half 
may be added to the strength of teeth by 
shrouding. 
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No. 


21 


22 


23 


25 


26 


27 


28 


YEAR. 


1903 


1905 


1907 


1908 


1908 


1908 


19038 


1909 


AUTHOR 


H. D. Williams 


W. M. Wilson 


John Batey 


C. H. Logue 


R. E. Flanders 


R. H. Smith 


N. Litchfield 


C. H. Logue 


“Measurement of Contacts.” Am. Mach., v. 

26, pt. 1, pp. 257-59. 
Compares the resistance to crushing of 
curved surfaces of different radii in contact. — 


“Test of Rough Gray Iron Spur Gears.” Am. 
Mach., v. 28, pt. 1, pp. 41-43. 


Efficiency tests of two pairs of gears with — 


cast teeth, under varying conditions. 


“Loss of Power by Transmission with Geared 
Wheels.” Pract. Engr., v. 35, pp. 260-62. 
A. study of the frictional resistance of 
toothed gear drives. 


“Safe Working Loads for Gear Teeth.” Am. 
Mach., v. 31, pt. 1, pp. 95-98. 

The resistance to wear is of as much im- 
portance as resistance to fracture. Gives 
charts and formulas for designing teeth for 
wear, taking into consideration hard- 
ness, elastic limit of materials, etc. 


“Interchangeable Involute Gear Systems.” 
Trans. A.S.M.E., v..380, pp. 921-66. 
Advocates shorter teeth and increased 
pressure angle. 


“Design and Waste and Wear of Wheel Teeth.’’ 
Soc. of Engrs., May 1908, pp. 81-124. 
Describes a method of setting out tooth 
outlines which are a compromise between 
the cycloidal and involute. 


“Spur Gearing on Heavy Railway Motor 
Equipment.” Trans. A.S.M.E., v. 30, pp. 
967-84. 

Gives facts gathered in a study of this 
subject and discusses breakage of gearing. 


“Speed of Spur Gears.”” Am. Mach., v. 32, 
pt. 1, pp. 917-18. 
Takes up the question of how fast spur 
gears may be run, and the relation of pres- 
sure to speed. 


1910 


1910 


1910 


1911 


1912 


1912 


AUTHOR 


G..E. Quick 


Wilfred Lewis 


A. P. Eltoft 


W. H. Kenerson 


G. H. Marx 


TirLe, REFERENCE AND Descriptive ABSTRACT 
Lae oe ee SI a ES 


“Efficiencies of Various Cut Gears.” Am. 
Mach., v. 32, pt. 2, pp. 321-24. 
Describes apparatus used and gives re- 
sults obtained in testing automobile spur, 
bevel, worm, and crown gearing. 


“Interchangeable Involute Gearing.” Trans. 
A.S.M.E., v. 32, pp. 823-51. 

Suggests a system having a pressure angle 
of 2214 deg., and an addendum of 0.278 of 
the circular pitch. Refers to comparative 
efficiency tests and gives results. 


“Allowable Load and Efficiency of Worm 
Gearing.” Mach. N.Y., v. 17, pp. 42-45. 
Discusses the relation of load to effort and 
the allowable load, and gives an example 
illustrating the use of formulas given. 


“Influence of Impact on Gears.’”’? Am. Mach., 
v. 33, pt. 2, p. 527. 
A suggested modification of the Barth 
equation as applied to the Lewis formula for 
the strength of gears. 


“Efficiency of Automobile Gears.’”’ Am. Mach., 
vy. 35, pp. 821-23. 
Factors affecting gear efficiency. An analy- 
sis of each common type of gear with refer- 
ence to its advantages and disadvantages. 


“Investigation of Efficiency of Worm Gearing 
for Automobile Transmission.” Trans. A.S. 
M.E., v. 34, pp. 919-37. 
Describes a series of tests made to de- 
termine the efficiency of three types of worm 
gearing, and the effect of continuous running. 


“Strength of Gear Teeth.” Trans. A.S.M.E., 
v. 34, pp. 1323-75, Discussion pp. 1376-98. 
Experiments made to determine the unit 
fiber stress for cast-iron gear teeth under 
operating conditions. 


37 


38 


39 


40 


41 


42 


43 


1913 


1913 


1913 


1914 


1914 


1914 


1914 


AUTHOR 


A. C. Gleason 


J. H. Parker 


L. G. Smith 


Industrial Press 


H. H. Thorne 


D. T. Hamilton 


ILLINOIS ENGINEERING EXPERIMENT STATION 


TrrLE, REFERENCE AND DESCRIPTIVE ABSTRACT 


“Standard Involute Gearing.” Jour. A.S.M.E., 
v. 35, pt. 2, pp. 1405-20. 
Majority report of the committee on ata 
ards for involute gears. 


“Testing the Efficiency of Worm Gears.” Am. 
Mach., v. 38, pp. 993-94. 


Describes an apparatus for testing worm 


gears as used by the National Physical 
Laboratory. 


“Heat Treated Gears in Machine Tools.” 


Iron Age, Nov. 6, 1913. 

. Discusses economy and practical ques- 
tions regarding alloy and other steel gears. 
(Discussion continued in Mach. N. Y., Dec. 
1913.) 


“Heat Treated Gears in Machine Tools.” Iron 
Age, Nov. 20, 1913. 

Considers manufacturing methods and 
the conditions of use from the standpoint of 
the -material manufacturer. (Discussion 
continued in Mach. N. Y., Dec. 1913.) 


“A Study of the Stub Tooth System of Gear- 
ng.”’ Mach. N. Y., v. 20, pp. 362-65. 
Report of an investigation to determine 
correct values of the Lewis formula factors 
for stub teeth. 


“Spur and Bevel Gearing.” N. Y. 
A treatise on the principles, dimensions, 
calculation, design, and strength of spur and 
bevel gearing. 


“Transmission of Power by Gearing.’ Ind. 
Engng., v. 14, pp. 114-18. 

Discusses the development of helical gear- 
ing for transmission of power at high speeds, 
without noise or vibration, together with 
principles of design and examples of its use. 


“Making High-Efficiency Worm-Gearing.” 
Mach. N. Y., v. 20, pp. 393-96. 
Illustrates and describes methods em- 
ployed. 


|rereneven Time AND DEscrIPTIVE ABSTRACT | 


“Spiral ate Bevel Gears for Automobile 
Drives.” Jour. 8.A.E., June 14, 

Methods of cutting, advantages, strength 
and wear, efficiency, etc. 


45 | 1915 


| F. W. Lanchester | “Worm-Gear.” Engng., v. 100, pp. 201-4, 

228-29, 251-52. 

High-efficiency worm-gear, screw gear, and 
motion-transmitting worm-gear. (Summary 
of important parts of discussion given on 


pp. 286-88.) 
46 1915 |G. H. Marx and | “Strength of Gear Teeth.” Trans. A.S.M.E., 
L. E. Cutter v. 37, 503-28. Discussion pp. 529-30. 
* Describes static tests to determine strength 
of gear teeth. 
47 1916 | H. Friedman “Lubrication and Wearing of Toothed Wheels.” 


Am. Mach., v. 44, pp. 105-6. 

Takes up the adhesion of gears, the 
capillary effect of oil and the factors that 
keep the wear of toothed wheels within safe 
limits. 


48 1916 | W. Knight “Safe and Noiseless Operation of Cut Gears.” 
Am. Mach., v. 45, pp. 1029-32. 
An investigation of experimental results 
and authoritative studies on the design and 
operation. Discusses noise, etc. (errata v. 
46, p. 87.) 
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49 1916 | D. Adamson “Spur Gearing.” Proc. Inst. M.E., Jan.-May 
1916, pp. 353-450. 

Discusses development of spur gearing 
from early times, with particular reference to 
durability and wear. Extended discussion by 
others. 


50 1918 | C. M. Allen and | “Efficiency of Gear Drives.” Trans. A.S.M.E., 
F. W. Roys v. 40, pp. 101-16. 

Describes a method of testing gears that 
consists in supplying power by an electric 
motor and measuring the output from the 
gears with a dynamometer. 
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No. 


51. 


52 


53 


54 


55 


56 


YEAR 


1918 


1919 


1919 


1919 


1920 


1920 


AUTHOR 


R. Trautschold 


C. H. Calkins 


W. G. Dunkley 


J. Jandasek 


C. H. Logue 


TrrLE, REFERENCE AND DESCRIPTIVE ABSTRACT 


“Strength of Spiral Type Bevel Gears.” Mach. 
N. Y., v. 24, pp. 1111-15. Discussion v. 25, 
pp. 67-68. 
Gives formulas for determining the 
strength of spiral type bevel gears and the 
principles on which they depend. 


“Worm Gear Efficiency.” Aut. Ind., v. 40, 
pp. 786-87. 
Describes test rigging for determining the 
efficiency of worm and rear axle drives. 
Gives some results of tests. 


“Distribution of Load on Bevel Gear Teeth.” 
Mach. Lon., v. 13, pp. 660-62. 

Investigation of variation of load in bevel 
gear teeth. Gives diagrams illustrating de- 
flection of teeth under load, and graph show- 
ing distribution of load on teeth and their 
strength. 


“The Strength of Rawhide Gears.’’ Mach. 
Lon., v. 14, pp. 559-60. 
Strength chart based on Lewis and Barth 
formulas. 


“Gear Tooth Sizes from the Standpoint of 
Durability.” Aut. Ind., v. 42, pp. 1305-8, 
1402-6, 1412. 

All common formulas in current use are 
based on breaking strength of teeth. The 
author believes that for heavy work (trucks, 
tractors, etc.) the calculations should be 
based on the resistance to wear. 


“Backlash Standards for Spur Gears.” Am. 
Mach., v. 53, pp. 1040-41. 
Suggests a formula for determining the 
proper backlash for spur gears and gives 
tables computed from the formulas. 


57 


58 
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61 


YEAR 


1920 


1921 


1921 


1921 


1921 


1921 
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AUTHOR 


T. E. Stanton 


H. Bonin 


H. H. Talbot 


J. Jandasek 


A. B. Cox 


TiTLE, REFERENCE AND Descriptive ABSTRACT 


“Spur and Bevel Gear Testing Machine at the 
National Physical Laboratory.” Engng., v. 
109, pp. 334-35. 

This machine is not only useful in testing 
gears but is also adapted to the study of 
relative lubricating efficiency in modern worm 
gears. 


“Running Loss and Temperature Increase in 
Gear Drives.” (Abreitsverlust und Tempera- 
turerh6hung bei Triebwerken.) Betrieb, v. 3, 
No. 13, pp. 377-78. 
It is shown that increase in temperature 
of gear drives due to friction is an indication 
of running losses caused by friction. 


“Double Helical or Herringbone Gears.” 
Iron Age, v. 108, pt. 2, pp. 1469-73, 1531-33. 
Elements of design to combine adequate 
strength with smoothness of action and 
minimum of tooth friction. 


“Gearmg Calculations by the Compressive 
Stress Method.” Aut. Ind., v. 45, pp. 512-15 
and 564-68. 
Maximum surface pressure, or compres- 
sive stress, must be considered if tooth wear 
is to be kept within proper limits. 


“Slip of Involute Gear Teeth.” Am. Mach., 
v. 54, pp. 913-17, and 951-55. 

Gear efficiency increased and wear de- 
creased by using large numbers of teeth. 
Shorter addendum reduces slip. Friction 
losses increase with increase in angle of 
obliquity. 


“Pitting in High Speed Gearing.” Mach. Lon., 
v. 19, pp. 50-51. 
Discusses new method developed to elimi- 
nate pitting or erosion in teeth of wheels. 
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64 


67 


1921 


1921 


1921 


1921 


1921 
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AUTHOR 


L. J. LeMesurier 


O. Lasche 


H. Mecke 


A. Fisher 


F. W. Lanchester 


TrrLz, REFERENCE AND DESCRIPTIVE ABSTRACT 


““Maag Gearing.” Engng., v. 112, pp. 801-5. 


Discusses system of gearing and methods — 


of production which enable straight tooth 
spur gears to be employed successfully with 


highest peripheral speeds and heavy loads. — 


“Gear Tooth Problems.” (Beitrag zur Zahn- 
radfrage fiir Uebersetzungsgetriebe.) Zeit. 
V.D.1., v. 65, pp. 1087-88. 


Values for tooth loads and speeds are 


developed. Sliding conditions compared. 


“Development and Construction of German 
General Electric Co. Gearing.” (Die AEG— 
Verzahnung, Aufbau ‘und Herstellung.) Der 


Praktische Maschinen Konstructeur, v. 54,- 


pp. 28-32. 

It is shown that A.E.G. gears possess 
theoretically and practically better tooth 
faces with minimum period of contact and 
minimum friction of faces, together with 
strongest profiles, insuring correct running 
and maximum life of gears. Proportions of 
teeth given. 


“The Evolution of the Involute Gear Tooth.” 
Mach. Lon. 
v. 17, pp. 565-68; 714-18; 806-9. 
v. 18, pp. 70-72; 273-76; 363-66; 507-10; 
547-51. 
v. 19, pp. 101-4; 132-36; 380-84; 513-17. 
v. 20, pp. 55-58; 169-73; 491-96; 665-67. 


“Principles of Maag Gearing.” Mach. N. Y., 
v. 28, pp. 48-52. 
Analysis of Maag system of gearing, ad- 
vantages claimed and machines for their 
production. 


“Spur Gear Erosion.” Engng., v. 111, pp. 
733-34. 

Takes up a special case of erosion on spur 
gears. Offers as explanation that the motion 
of the tooth is not fast enough to obtain a 
protecting lubricating film of oil at pitch line. 
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AUTHOR TITLE, REFERENCE AND DESCRIPTIVE ABSTRACT 


“Investigation of Tooth Wear with Automo- ‘ 
bile Gear Steels.” Aut. Ind., v. 45, pp. 865-69. é 
Steel with a minimum of 0.45 carbon that 
is capable of treatment giving a scleroscope 
hardness of 75 or over is recommended for 
oil treating. Specification limits should be — 
close enough to insure uniform results from 
a standard heat treatment. Results of tests 
given. A tooth profile indicator described. 


E. R. Ross 


E. Stiibler _ | “Shape of Spur Wheel Teeth for Maximum 
Life.” (Die Zahnform der Stirnrades mit 
langster Lebensdauer.) _Betrieb, v. 3, pp. 
414-20. 

Describes and recommends more ac- 
curate tooth flanks. Compares trochoidal and. 
cycloidal types of gearing. 


Hans Goettke “Toothed Gearing.” (Ein Beitrag, zur Kennt- 
niss der Verzahnungen.) Betrieb, v. 3, pp. 
413-14. . 
Gearing conditions of teeth, expecially 
pressure on teeth and deterioration, are 
investigated. 


W.S. Atkinson “The Efficiency of Worm Gearing.” Mach. 
N. Y., v. 27, pp. 315-16. 
Formulas for computing efficiency and 
table of friction coefficients. 


J. Jandasek “Rear Axle Calculations by the Compressive- 
Stress Method.” Jour.S.A.E., v.11, pp. 375-79. 
Formulas for calculating greatest allow- 
able load on pitch line for spur and bevel 
gears; investigation of capacity and strength 
of gears with straight and helical teeth; 
formulas for checking pitch and for com- 
puting number of teeth when compressive 
and bending stresses are equal. 


J. H. Smith “Nodal Arrangements of Geared Drives.’” 
Engng., v. 113, pp. 438-40 and 468-69. 
Results of author’s investigation of chat-~ 
tering of gearing. Deals with dynamics of 
geared drives, effect of tooth form, irregu-- 
larities, ete. 
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-No. | YEAR AUTHOR TrrLE, REFERENCE AND DESCRIPTIVE ABSTRACT 


75-| 1922 |. Wilfred Lewis “A New Method for Determining the Effect 
of Speed on Strength of Gear Teeth.” Mech. 
Engng., v. 44, pp. 813-15. 

Apparatus devised by C. H. Logue in 1920 
to measure differentials in velocity ratios 
and increment loads as related to mass and 
speed, and computed by him. Proposed new 
gear tester based upon this principle. 


ee 


76 1922 | E. Buckingham | “Involute Spur Gears.’’ Published by Niles 
Bement Pond Co., N. Y., 91 pages. 

Pages 87-91 take up representative formu- 
las determining the strength of gears de- 
signed to run at low and high loads and 
speeds. : \ 


Chu 


ei 1922. | W. G. Dunkley | “Helical Gears and Spur Gears.” Mach. Lon., 
v. 20, pp. 105-7; 300-2; 578-80. 

Effect of sliding action on uniform velocity 
and relative efficiency.. Effects of variations 
of loads and speeds. Conditions affecting 
relative efficiencies. 


78 1922 | D. T. Hamilton | ‘Strength of Internal Spur Gear Teeth.’ 
Mach. N. Y., v. 29, pp. 109-11. Also Mach. 
Lon., v. 21, pp. 84-85. 
Brief review of improved method for de- 
termining strength. Factors governing 
strength. Application of Lewis formula. 


79 1922 | A. Fisher “Strength of Internal Spur Gear Teeth.” 
Mach. Lon., v. 21, pp. 309-10. 

Discussion of certain geometrical relation- 
ships in tooth contact conditions upon which 
writer arrives at different conclusions from 
those of D. T. Hamilton. 


80 1922 | K. L. Herrmann | “Some Causes of Gear Tooth Errors and Their 
Detection.” Jour. §.A.E., v. 11, pp. 391-97. 

Discusses different gear noises, gives ex- 

amples of defects that cause noise, and 

describes instrument for analyzing tooth 


: forms. 
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YEAR AUTHOR TrtLe, REFERENCE AND Descriptive ABSTRACT 


1922 | F. E. McMullen | “New System of Bevel Gearing Developed 
and by Recent Research.” Aut. Ind., v. 46, pp. 
T. M. Durkan 1064-68. 

Quietest form of tooth consistent with 
strength and durability. Addendum and 
dedendum for any pitch vary with ratio; 
usually different for pinion and gear. Pres- 
sure angle depends on number of teeth 


and ratio. 
1922 | Logue and “The American Machinists’ Gear Book.” 
Trautschold Third Edition, McGraw-Hill, 353 pages. 


A great deal of the matter previously 
published in the American Machinist col- 
lected, revised, and made more complete. 


1922 | F. E. McMullen | ‘‘The Gleason System of Bevel Gears.” Am. 
and Mach., v. 56, pp. 849-53. 
T. M. Durkan Quietness in operation, strength, and 
durability considered; limiting undercut; 
preference for low pressure angle; pressure 
causes wear. 


1923 | Max Maag “Maag Toothed Wheels.” Electrotechnische 
Zeit., v. 44, pp. 104-6. 
Describes new type of wheel made by 
Maag Co., Zurich, said to overcome dis- 
advantages of other types for modern high- 
speed work. 


1923 ——_—_—__—_—— | “Gear Steel.’’ Automobile Engineer, v. 13, 


pp. 232-37. 
Investigation of factors governing wear. 


1923 | A. F. Ainslee “The Engagement and Loading of Involute 
Gearing.” Engineer, v. 136, pp. 685-87. 
Presents diagrams which are applicable 
to all involute gears from rack to smallest 
pinions giving correct engagement without 
interference. 
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YEAR 


1923 


1923 


1923 


1923 


1923 


AUTHOR 


D. T. Hamilton 


Wilfred Lewis 


Wilfred Lewis 


H. E. Merritt 


Paul Heymans 
and 


A. L. Kimball, Jr. 


4 3 phd, 
TrTLE, REFERENCE AND DESCRIPTIVE ABSTRACT b 


“Factors Governing the Strength of Gear — 
Teeth.” Am. Mach., v. 58, pp. 681-85, 787-91 
and 907-11. 

Materials and peat for safe stress; 
selecting diametral pitch; how form and © 
shape of tooth affects its strength. Inclina- — 
tion of tooth bearing to axis of gear; strength 
of helical teeth. Number of teeth and tooth 
ratio of gears in mesh; increasing strength of — 
pinions having small number of teeth. 

v. 59, pp. 287-91. 

Velocity; accuracy; method of mounting; 
measurements and allowance for backlash. 


“Testing Machine Developed to Solve Gear 
Strength Problems.” Aut. Ind., v. 48, pp. 
974-78. 

Designed for use in determining increment 
load due to speed. Will establish relationship 
between this load on the one hand and tooth 
form errors and mechanical properties of 
materials on the other. Permits study of en- 
durance and efficiency. Paper read before 
the Am. Gear Mfgrs. Assn. 


“Modern Problems in Gear Testing and a 
Proposed Testing Machine.” Am. Mach., 
v. 59, pp. 875-81. 

Purpose of proposed tests will be determi- 
nation of effect of varying degrees of tooth 
accuracy and varying velocities on strength 
of gear teeth. Paper read Am. Gear 
Mfgrs. Assn. 


“Spiral Gearing.” Mach. N. Y., v. 30, pp. 
393-95. 
Efficiency, tooth reactions, and design 
diagrams. 


“Stresses in Electric Railway Motor Pinions.” 
Mech. Engng.,, v. 45, pp. 93-5 and 157. 
Determination of stress distribution by the 
photo-elastic method. 


| F. W. Lanchester | “Worm Gear—Its Production and Efficiency 
and its pep oication to Turbine Reduction 


” Engng., v. 117, pp. 131-32. 
Report on efficiency tests made on worm 


-and worm-wheel for Daimler Co, 


| 1924 | L. D. Burlingame | “Historical Notes on Gear Teeth.” Mach. N. Y., 
v. 30, pp. 529-34. 

Evolution of gear teeth from crude be- 

ginnings, and early equipment for cutting. 


94 | 1924 | G. R. Moyer “Laboratory Tests of Non-Metallic Gears.” 
Am. Mach., v. 60, pp. 505-7. 

Work done to determine strength and en- 
durance; evolution of testing equipment; 
tests for vibration and effect of oil; repro- 
ducing service conditions. 


95 1924 | A. F. Brewer “Gearing and Gear Lubricants.’’ Indust. Mgt. 
N. Y., v. 68, pp. 18-24. 
Specialized needs of various types of 
modern gears. 


96 1924 | P. Heymans “Mathematical Theory of Dynamic Stresses 
in Rotating Gear Pinions.” Mech. Engng., v 
46, pp. 583-87. Discussion 587-89. 

Theoretical study of dynamic stresses in 
rotating gear pinions developed in course of 
investigation by photo-elastic method of 
gear and pinion stresses undertaken by Re- 
search Laboratories and Ry. Motor Eng. 
Dept. of Gen. Elec. Co., Schenectady, N. Y., 
conducted at Mass. Inst. of Technology. 


97 1925 | Lloyd J. Franklin| “The Effect of Inaccuracy of Spacing on the 
and Strength of Gear Teeth.” Mech. Engng,, v. 47, 
Charles H. Smith | pp. 29-32. 
Result of tests made in order to obtain 
definite data as to effect of inaccuracy of 
spacing on strength of teeth at high speeds. 
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